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Rapid, non-destructive and reliable detection of the oil content of corn seeds is
important for development of high-oil corn. However, determination of the oil
contentis difficult using traditional methods for seed composition analysis. In this
study, a hand-held Raman spectrometer was used with a spectral peak
decomposition algorithm to determine the oil contents of corn seeds. Mature
and waxy Zhengdan 958 corn seeds and mature Jingke 968 corn seeds were
analyzed. Raman spectra were obtained in four regions of interest in the embryo
of the seed. After analysis of the spectra, a characteristic spectral peak for the oil
content was identified. A Gaussian curve fitting spectral peak decomposition
algorithm was used to decompose the characteristic spectral peak of oil at 1657
cm™. This peak was used to determine the Raman spectral peak intensity for the
oil content in the embryo and differences in the oil contents among seeds of
varying maturity and different varieties. This method is feasible and effective for
detection of corn seed oil.

KEYWORDS

Raman spectroscopy, spectral peak decomposition, Gaussian curve fitting, corn seed,
oil content

1 Introduction

Corn is a leading food crop in China. Corn kernel is mainly composed of seed coat,
endosperm and embryo, which contains starch, oil, protein, cellulose, lignin, and soluble
sugar (Chen, 2009). Corn is a major source of human food, animal feed, and industrial raw
materials (Abbassian, 2006). Corn oil is extracted from the germ of the corn kernel and is
rich in unsaturated fatty acids and vitamin E, which are essential in the human body (Aksoz
et al,, 2020; Zhao et al., 2020). This oil is a popular, high-quality edible oil. The oil content
of common corn is approximately 4%, while the oil content of high-oil corn is greater than
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8% (Barrera-Arellano et al, 2019). Therefore, increasing the oil
content and quality in corn is crucial for improving its value. At the
same time, determining the oil content in corn is important for
selective breeding of high-oil corn and transgenic engineering
(Barrera-Arellano et al., 2019). However, traditional analytical
methods (Matthius et al, 2001), such as solvent extraction,
accelerated solvent extraction, supercritical fluid extraction,
microwave-assisted extraction, and Soxtherm extraction, are
destructive, time-consuming, labor-intensive and use many
chemical reagents. These methods are not suitable for rapid and
non-destructive quality evaluation of mass-produced corn seeds.
Consequently, it is necessary to develop rapid and non-destructive
techniques for quality evaluation of corn seeds.

Spectroscopy is a rapid and non-destructive detection method
(Huang et al., 2015), and has been successfully applied to the quality
evaluation of agricultural products. Among them, near infrared
spectroscopy (NIR) is an absorption spectrum that has been used to
rapidly determine the compositions of grain seeds, including the oil
content (Fassio et al., 2015), total starch content of corn seeds (Liu
et al,, 2020), and protein content of cowpeas (Weng et al., 2017).
However, NIR is mainly related to frequency doubling and
combined vibrations of hydrogen-containing chemical groups
(e.g., C-H, O-H, and N-H) in organic molecules (Bec et al., 2020).
Consequently, this technique suffers from serious overlap of
spectral peaks, low sensitivity, and is susceptible to interference
from water. It is difficult to directly analyze the chemical
compositions of seeds using the absorption peak characteristics of
a NIR spectrum, and this has resulted in a dependence on
chemometrics for analysis.

Raman spectroscopy is an analytical technique that is based
on Raman scattering, which originates from the vibration and
rotation of molecules (Jones et al., 2019).The positions, intensities
and shapes of the spectral peaks can reflect the characteristic
fundamental frequency vibrations of the functional groups or
chemical bonds in molecule of the target substance. Compared
with NIR, Raman spectroscopy has high sensitivity, produces
clear and sharp spectral peaks, and provides strong recognition
ability, which makes the analysis of chemical composition
more intuitive and concise. Wu X. et al. (2022) established a
quantitative model based on Raman spectra and one-dimensional
convolutional neural network (1D CNN) to identify the amount of
olive oil in a corn-olive oil blend, providing a new analytical method
for the quantitative identification of vegetable oils. Yang et al. (2018)
showed that characteristic peaks related to corn starch, an oil-
starch mixture, zeaxanthin, lignin, and oil were located at 477, 1443,
1522, 1596, and 1654 cm ™, respectively. They realized rapid visual
detection of the chemical composition of corn seeds using a line-
scanning Raman hyperspectral imaging system. These studies
indicate that Raman spectroscopy can be used to analyze the
composition of corn seeds.

In recent years, because of continuous improvement in the
performance of optical devices and other components, hand-held
Raman spectrometers, which are small, flexible to use, simple to
operate, and provide stable performance, have been favored by
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researchers. Farber and Kurouski (2018) analyzed the Raman
spectra of corn seeds before and after pathogen infection using a
hand-held Raman spectrometer. After infection, a peak at 1633 cm™"
for C=C vibration in the aromatic ring of lignin disappeared, which
indicating that the lignin degraded. Furthermore, a peak at 1658 cm™"
belonging to the protein amide I band became stronger, which
showed that growth of the pathogen was closely related to
deposition of protein in corn. Additionally, spectral peaks related to
the -C=C-plane vibration of carotenoid shifted and increased in
intensity. Therefore, the growth of pathogens may be related to
degradation and breaking of bonds in carotenoid. These studies show
that a hand-held Raman spectrometer may be feasible for seed
composition analysis. Although Raman spectroscopy can be used
simultaneous measurement of various compositions of seeds, the
Raman characteristic peaks of oil in corn seeds suffer from
interference from starch, protein, lignin, and other compositions
(Yang et al, 2018). To overcome this issue, Raman spectroscopy
could be combined with a spectral peak decomposition algorithm to
realize the identification, classification, and quantification of
composition (Postnikov et al., 2021). Sadat and Joye (2020) uaed a
peak decomposition method based on the second derivative of the
original spectrum and the curve fitting of the Voigt function to
identify, separate and quantify hidden peaks of the amide I band in
the infrared and Raman spectra of globular proteins, hydrated zein
and gluten proteins. Wu T. et al. (2022) proposed an optimal multi-
peak fitting model for the first-order and second-order Raman
spectra of high-strength carbon fibers (T-series) and high-strength
and high-modulus carbon fibers (M] series), and quantitatively
analyzed the structure of the carbon fiber.

The primary aim of this study was to realize the oil content
analysis of corn seeds using a hand-held Raman spectroscopy
combined with a peak decomposition algorithm. The Raman
spectral characteristics of the corn seed embryo were studied, and
spectral information for the oil content in the corn seeds was
extracted and analyzed using a spectral peak decomposition
algorithm. Differences in the oil content for corn seeds of
different varieties and maturities were compared and analyzed.

2 Materials and methods
2.1 Experimental materials

Corn seeds of the Zhengdan 958 and Jingke 968 varieties were
obtained from a seed company in Beijing, China. Fifty seeds of the
Zhengdan 958 variety were selected and divided into two groups
according to the milk line of endosperm. 25 of the seeds were
mature and the others were waxy. For the Jingke 968 variety, 25
mature seeds were selected. Standard samples, including corn starch
(reagent grade, Aladdin Reagent Co., Ltd., Shanghai, China), corn
oil (reagent grade, Aladdin Reagent Co., Ltd., Shanghai, China),
cellulose (reagent grade, Aladdin Reagent Co., Ltd., Shanghai,
China), and corn hulls, were obtained for analyzing the Raman
characteristics of the corn seeds.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1174747
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jin et al.

2.2 Instruments

Raman spectra of the standard samples were collected using a
high-resolution benchtop Raman spectrometer (DXR Smart Raman
System, Thermo Fisher Scientific). The spectrometer was equipped
with a 780 nm diode laser with a maximum power of 150 mW. The

spectral resolution was 3.0-4.1 cm™"

, and the spectral range was 50-
1800 cm™". The optical power was 100 mW and the integration time
was 10 s.

Raman spectra of the corn seeds were collected using a hand-
held Raman spectrometer (785 hand-held Raman spectrometer,
Beijing Yunduan Optical Technology Co., Ltd.). The hand-held
Raman spectrometer was equipped with a 785 nm laser. The laser
power was continuously adjustable from 1 to 500 mW. The spectral

resolution was approximately 8.0 cm™', and the spectral range is
200-1800 cm ™. The optical power was 150 mW and the integration

time was 10 s.

2.3 Spectral data acquisition

Standard samples (corn starch, corn oil, cellulose, and hulls) were
placed on a quartz plate, which was set on the sampling platform of
DXR Smart Raman System for spectral acquisition. For the Zhengdan
958 seeds, the mature seeds were labeled as group D1 and the waxy
seeds as group D2. The Jingke 968 seeds were labeled as group D3.
Four regions of interest (ROIs) for detection (P1, P2, P3, and P4) were
set from the top to bottom along the midline of the embryo of the
corn seed (Figure 1A). The Raman spectra of the ROIs were collected
by the acquisition system shown in Figure 1B. The acquisition system
consisted of a hand-held Raman spectrometer, a movable platform, a
sample rack, and an optical breadboard. The hand-held Raman
spectrometer was placed horizontally on the left of the mobile
platform. The seed sample was placed vertically on the right of the
mobile platform, with the P1 end of the seed facing down and the tip
of the embryo facing up. The embryonic surface of the seed faced the
Raman probe. First, the laser was focused on P1 and Raman spectral
data were collected. Then, the movable platform was adjusted to
move the sample downward, and spectral data were collected at P2.
This process was repeated for P3 and P4. During spectral collection,
the four ROIs of each seed were as similar as possible. The spectra of
the standard samples were used as reference data for the spectral
analysis of the seeds.

Handheld Raman spTCtrOmeter Sample

10.3389/fpls.2023.1174747

2.4 Spectral data preprocessing

Firstly, the Savitzky—Golay smoothing algorithm was used to
remove noise from the original Raman spectra of the corn seeds
(Schafer, 2011). Then, the smooth Raman spectra were corrected
using the airPLS algorithm to remove fluorescent background
interference (Zhang et al, 2010). The corrected Raman spectral
data were used for subsequent spectral peak decomposition and
spectral information extraction. The preprocessing of all raw
Raman spectra was performed in Visual Studio Code (Microsoft
Corporation, Redmond, WA, United States).

2.5 Spectral peak decomposition

Decomposition of overlapping spectral peaks can be used for
separation and extraction of effective spectral information. Previous
studies have shown that curve fitting is an effective spectral peak
decomposition method. It is based on statistical principles, which
aims to find a reliable function to fit a set of data points and
minimize the error between the function and the data point. And
the least square method is a common functional form. In this study,
curve fitting based on nonlinear least square method was selected
for spectral peak decomposition, and the Gaussian linear function
was selected as the fitting model. The expression of the Gaussian
function is shown in Equation 1:
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where a is the peak intensity, u is the peak position, and o'is the
full width at half maximum. With three overlapping spectral peaks,
the original spectral peaks were regarded as a ternary Gaussian
linear distribution, and a function expression was constructed as
shown in Equation 2:
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FIGURE 1

Movable platform

Schematic diagram of the Raman spectrum acquisition. (A) Locations of the four regions of interest in the embryo for detection, and (B) the

acquisition system for the Raman spectra of the corn seeds.
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overlapping peaks of Raman spectra were decomposed in Visual
Studio Code.

3 Results and discussion

3.1 Analysis of Raman spectral
characteristics of oil in corn seeds

Corn oil is mainly stored in the embryo of the seed. To analyze
the Raman spectral characteristics of oil in the corn seeds, the
standard spectra of corn oil, corn starch, cellulose, and hulls
collected by the DXR Smart Raman system were regarded as the
reference spectra and compared with the Raman spectra of the
embryo collected by the hand-held Raman (Figure 2). Prominent
characteristic peaks in the standard corn oil sample were located at
1656, 1439, 1301, and 1267 cm™, which are attributed to C=C
stretching, CH, or CH; deformation vibrations, CH, twisting, and
=C-H bending, respectively (Gelder et al., 2007; Anna et al., 2017).
The 1656 cm™'
overlapped with spectral peaks at 1600 and 1632 cm™, which

spectral peak in the seed embryo spectrum

were attributed to C-H stretching of the aromatic ring and C=C
stretching in coniferyl aldehyde, respectively, derived from lignin
in the hull (Lupoi and Smith, 2012; Zeng et al, 2016). In the
spectrum of the seed embryo, there was serious overlapping
between the 1439 cm™' peak of corn oil and the band located at
approximately 1460 cm™" for CH, bending of starch (Liu et al,
2004). Furthermore, the spectral peaks of corn oil located at 1301
and 1267 cm™" overlapped with a peak at 1263 cm™ related to
starch (Kizil et al., 2002) and peaks at 1336 and 1379 cm™! related to
cellulose (Wiley and Atalla, 1987; Kryeziu et al., 2022). Compared
with the standard spectrum of corn oil, the spectrum of the seed
embryo had a very different ratio between the peaks at 1301 and

1267 cm™. These results indicate that the 1656 cm™ peak is the

10.3389/fpls.2023.1174747

most suitable among the characteristic peaks for the spectral
analysis of oil in corn seeds.

3.2 Raman peak decomposition analysis of
oil in corn seeds

A Raman spectrum of the P1 ROI was selected from each group
(D1, D2, and D3) of corn seeds, and the 1560-1680 cm™! region was
selected for spectral peak decomposition analysis to extraction
information about the oil content. There were multiple

overlapping peaks in the 1560-1680 cm™

region (Figure 2). The
original spectral peaks were regarded as a distribution of three
Gaussian spectral peaks. A function expression was constructed as
shown in Equation 2, and decomposition of the spectral peaks was
carried out. The fitting parameters ay, [, Oy, a, Uy, Os, as, Uz, and
o3 for the three Gaussian spectral peaks (A, B, and C) were
calculated (Table 1). The decomposition results for the
overlapping peaks are shown in Figures 3A-C. There were slight
differences in the positions of the peaks among the three groups of
the seeds. Peaks A and B were consistent with lignin, and peak C
could be used to determine the oil content. Our results showed that
the overlapping spectral peaks were successfully decomposed into
three Gaussian spectral peaks for each group of corn seeds. The
relative errors between the fitted and original spectra were 8.68%,
7.71%, and 12.72% for D1, D2, and D3, respectively. The relative
error was obtained by subtracting the fitting value from the original
value, dividing by the original value, then taking the absolute value
of the result, adding all the absolute values, and dividing by the total
number of data points. The Raman peak for the oil content was
successfully separated from any overlapping spectral peaks using
the peak decomposition algorithm (Figure 3D). The spectra of the
mature seeds (groups D1 and D3) were similar, whereas that of the
waxy seeds (group D2) was very different.

T T T T T 1301 T 1439 T T
1334
1267: 11380 1900 )
. . ' 1656
oy . Starch
£ ”
§ . ' Embryo
o] (|
N .
‘T ' =) )
£ A 4 i A Corn oil
2 W o
Ha. Cellulose
W
i o\ Hull
] ] ] ] ] ol 1:- 1
200 400 600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)

FIGURE 2

1

Analysis of the Raman spectral characteristics of oil in corn seeds. Characteristic peaks of corn embryo located at 1267, 1301, 1439, 1656 cm™" are

related to standard corn oil sample, 1334, 1380 cm™~ are related to standard
time, 1267, 1301, 1334, 1380, 1439 cm™* are affected by the peaks of starch.
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frontiersin.org


https://doi.org/10.3389/fpls.2023.1174747
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jin et al. 10.3389/fpls.2023.1174747

TABLE 1 Fitting parameters for spectral peak decomposition in the 1560-1680 cm™ region for corn seed spectra.

Fitting parameters of spectral peak Decomposition spectral peaks

Relative error

a, s o1 a, iz o2 as Peak A Peak B Peak C
DI ‘ 1028 | 1599 | 15 | 661 | 1632 8 702 ‘ 1657 ‘ 10 1028 x =2 | 661 x I 702 x SN2 8.68%
D2 ‘ 642 | 1598 | 15 292 1630 = 6 | 408 ‘ 1654 ‘ 13 g x e B 200w oY o x e 7.71%
D3 ‘ 618 1599 15 449 1631 8 705 ‘ 1657 ‘ 10 618 x 2 449 x B2 705 x o 12.72%
3.3 Ana[ysis of the oil content in the To analyze the differences in the Raman intensities in the four
embryos of different corn seeds ROIs, the mean intensities of peak C for the four ROIs for the 25

seeds in each group were calculated. The distribution of mean

To analyze the Raman characteristics of the oil content in the  intensities and the corresponding standard deviations for the three
embryos of different corn seeds, the Raman spectra of the different ~ groups of seeds are shown in Figure 4D. There were slight
groups (D1, D2, and D3; 25 seeds for each group) were decomposed  differences in the mean spectral intensities of peak C for the P1,

using the Gaussian curve fitting algorithm in the 1560-1680 cm ™"

P2, and P3 ROIs in the embryos of the three groups of corn seeds.
region. The maximum intensity of the decomposed peak C for oil ~ However, the mean intensity of peak C for the P4 ROI was
was extracted for analysis. To analyze the different ROIs (P1, P2, P3,  significantly lower than in the P1, P2, and P3 ROIs. This
and P4) in the embryos, scatter plots of the maximum intensities of ~ difference is consistent with the fact that corn oil is mainly
peak C were constructed (Figures 4A-C). The maximum intensities  distributed in the germ (Moreau and Hicks, 2005) and shows that
of peak C in the P1, P2, and P3 ROTs were scattered throughout the ~ the Raman peak at 1657 cm™

same region of the plots and these ROIs could not be clearly  content. To better characterize the oil content in the seeds and

can be used to characterize the oil

distinguished. By contrast, all data points for the P4 ROI were improve the stability and reliability of detection, the mean
located at the bottom of the scatter plots and clearly separated from  maximum intensity of the 1657 cm™ peak in the P1, P2 and P3

the data points for the P1, P2, and P3 ROIs. ROIs was selected.
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FIGURE 3

Spectral peak decomposition analysis of different kinds of corn seeds in the 1560-1680 cm™* region: group D1 (mature Zhengdan 958) seeds (A),
group D2 (waxy Zhengdan 958) seeds (B), and group D3 (Jingke 968) seeds (C). Comparative analysis of the separated spectral peak for oil in the
three groups of seeds (D).
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Spectral intensity analysis of peak C in the four regions of interest (P1-Point 1, P2-Point 2, P3-Point 3 and P4-Point 4 of embryo) in the three groups
of seeds: mature Zhengdan 958 D1 (A), waxy Zhengdan 958 D2 (B) and Jingke 968 D3 (C). The mean spectral intensities in the P1, P2, P3, and P4
regions of interest in the embryo of three groups seeds (D).

To analyze the difference in the oil content between the groups

of corn seeds, the oil characterization value was calculated for every

individual seed in each group. The characterization values of the 25

seeds in each group were arranged in ascending order (Figure 5A).

The characteristic values of the seeds in groups D1 and D2 fluctuate
greatly with the number of seeds, while those of the D3 seeds are

relatively stable. The characteristic values of the seeds in groups D1
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and D2 were spread over a wider range than those for the D3 seeds.

These results showed that the oil content of individual seed in the

D1 and D2 groups is significantly different, and the oil content in

the D3 group has little difference among individual seeds. To

analyze the differences in the oil contents among the three groups

of corn seeds, the mean oil characterization values of all 25 seeds in

each group were calculated to characterize the overall oil content of

Raman Intensity(a.u.)

700
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400

300 H
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Group

D3

Qil content characterization values (the mean intensity of peak C in the embryo) of individual seeds in the three groups (D1-mature Zhengdan 958,

D2-waxy Zhengdan 958, and D3-Jingke 968) (A), and the mean oil content characterization value for each group (B).
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each group (Figure 5B). The seeds in group D2 had the lowest mean
value (474.6). The seeds in group D1 had a mean value of 566.3,
which was significantly higher than that of the seeds in group D2
and not significantly different from that of the seeds in group D3
(557.7). The seeds in group D1 and group D2 were the same variety
(Zhengdan 958). For seeds of the same variety, the relative oil
content was correlated with the seed maturity, with the oil content
of mature seeds being higher than that of waxy seeds. Among
different varieties, the oil content in the Jingke 968 (D3 group) was
similar to that in the Zhengdan 958 variety; the results for the Jingke
968 variety showed less variation among the individual seeds in the
group than was observed for the Zhengdan 958 variety.

4 Conclusions

The feasibility of detecting the oil content of corn seeds using a
hand-held Raman spectrometer with a spectral peak decomposition
algorithm was explored. The Raman peak at 1657 cm™" for the oil
content was successfully separated from overlapping spectral peaks
using a Gaussian curve fitting peak decomposition algorithm. The
intensity distribution characteristics of the 1657 cm™" spectral peak
in different ROIs of the embryo showed that the oil content of the
corn seed was mainly distributed in the germ. The oil content for
individual seeds was characterized using the maximum intensity of
the 1657 cm™' peak. For the same variety of corn seeds, the oil
content was positively correlated with seed maturity, with the oil
content of mature seeds being higher than that of waxy seeds. For
different varieties of corn seeds, the oil content of Jingke 968 variety
was similar to that of Zhengdan 958 variety, but the oil contents of
individual seeds of the Jingke 968 variety showed less variation
within the group than was observed for the Zhengdan 958 variety.
Our results show that a hand-held Raman spectrometer combined
with spectral peak decomposition can provide rapid and non-
destructive determination of the oil content of corn seeds. This
study provides a basis for the quantitative detection of oil in corn or
other varieties of grain. This method could be used to rapidly
identify and select corn seeds with high oil contents for
selective breeding.
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