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1 | INTRODUCTION

Nowadays, bio-technology's quick development has brought a great
variety of transgenes transferred into crops and products-derived

Abstract

Presence of genetically modified (GM) organisms is considered to be controversial
by legislation and public. It is very important to develop detection methods for early
discriminations. Conventional gene detection methods, including protein detection
(PCR, ELISA, and so on) and DNA detection (Southern blot, GC/MS, and so on), have
the disadvantages of high costs, time-consuming, complex operations, and destruc-
tive of the samples. Terahertz spectroscopy (THz) is a brand-new radiation with many
unique advantages. Most biological macromolecules have fingerprint characteristics
in THz band from the current recognition. In this study, feasibility of identifying the
transgenic cotton seeds from nontransgenic counterparts using THz spectroscopy
method was investigated. The transgenic cotton seeds-Lumianyan No.28 and non-
transgenic cotton seeds-Xinluzao No.51 were selected and the sample-making meth-
ods were studied; then the refractive and absorption curves of samples were got and
given a detailed discussion; finally, absorption index of transgenic and nontransgenic
DNA was observed and discussed. The results showed there were small fluctuations
in THz band, and refractive index of transgenic seeds was lower than nontransgenic
ones and had obvious turning point at 1.4-2.0 THz region. There were significant
peaksin 1.0-1.2 and 1.3-1.5 THz regions for the transgenic cotton seeds. Transgenic
DNA had higher absorption index than nontransgenic DNA, and there were 3-4
peaks corresponding to the cotton seed samples in 1.0-1.6 THz region. These results
showed cotton seeds samples can provide important bio-information in THz band,
and this study provided a basis for developing potential THz-based gene detection

technologies.
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varieties (Lois, Hong, Pease, Brown, & Baltimore, 2002; Zhao, Qian,
Wang, & Huang, 2007). Though genetically modified (GM) organ-
isms may have the advantages of high yield and insect resistance, it
is found that not all of the global markets fully compliant with GM
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products, which may introduce new allergens, develop resistant bac-
terial strains and alter environmental biodiversity, causing biosafety
issues (Bakshi, 2003).

In recent years, cotton genetic transformation technologies
have made great progress and cultivation of transgenic cotton is
increasing sharply (Ali et al., 2016; Aragao, Vianna, Carvalheira, &
Rech, 2005). To identify the presence of GM organisms in plant
and products derived, many detection methods have been devel-
oped. The conventional gene distinguish methods refer to DNA
detection (GC/MS, Southern blot, and so on) and protein detec-
tion (ELISA, PCR, Western blot, and so on) (Leimanis et al., 2006;
Nesvold, Kristoffersen, Holst-Jensen, & Berdal, 2005; Vaitilingom,
Pijnenburg, Gendre, & Brignon, 1999), which can provide accu-
rate detection results. However, the conventional methods have
many disadvantages of time-consuming, expensive equipment,
complex operations, and destructive of the samples, difficult to
fulfill current demands. Existing researches have proved that the
above objectives could be achieved by spectral methods such as
near-infrared, Raman, hyperspectral imaging, and visible near-in-
frared (Baranski & Baranska, 2008; Xie, Ying, Ying, Yu, & Fu, 2007;
Xu, Liu, Xie, & Ying, 2014). Such methods own the advantages of
nondestructive monitor, fast and simple operation. As a brand-
new technique developed in recent years, terahertz (THz) spec-
troscopy is an electromagnetic wave of 0.1-10 THz (30 pm-3 mm
in wavelength) in frequency. Most biological macromolecules
(protein, DNA, and amino acids) have fingerprint characteris-
tics in THz band from the current recognition (Tonouchi, 2007),
which means THz spectroscopy can provide important informa-
tion for detecting and distinguishing biological samples (Fischer,
Walther, & Jepsen, 2002; Jiao, Si, Li, Zhang, & Xu, 2010; Liu, Liu,
Hu, Yang, & Zheng, 2016). However, complex intramolecular and
intermolecular characteristics of bio-polymers and polyethylene,
such as skeletal vibrations or hydrogen bonding, are affected by
each other and have little been known until the THz spectroscopy
and imaging technique comes and, the sample-making technol-
ogies for the transgenic and nontransgenic cotton seeds to get
useful signals are worth studying. In the previous study (Xu, Li,
Zuo, & Zhang, 2015), it was found that, due to different sizes of
samples’ particles, there were some differences in the vibration
peak intensity, peak position, and peak numbers in the absorp-
tion spectra. And the scattering effect should be responsible for
this. Due to the Mie scatting, it is worthy to note that when the
particle size of sample was smaller, the absorption peak strength
was more obvious, and predominant repeatability of THz spectra
was better (Xu et al., 2015), which should be considered in this
research. In addition, polyethylene (PE) is one of the commonly
selected polymer plastics for sample-making material in THz tech-
nologies in current research (Wietzke et al., 2010), which provides
a good sample-making method for this research. Considering the
above, the objective of this research was to obtain and observe
the absorption difference between the transgenic and nontrans-
genic cotton seeds in THz band and try to explore a method to

identify the transgenic cotton seeds from its counterparts using
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TABLE 1 The parameters for sample preparation in different
treatments

Transgenic/nontransgenic

Items cotton seeds Polyethylene
I + + (Interlayer)
1l + + (Mixing)

1 + -

THz spectroscopy probing methods. The results will be helpful to
understand the mechanism of the risk from transgenic organisms
to cotton seeds not only for biotechnological research but also for
the agricultural production.

2 | MATERIALS AND METHODS
2.1 | Cotton seeds samples

The transgenic and nontransgenic cotton seeds were provided by
Beijing Academy of Agriculture and Forestry Sciences. In the present
study, two classes (transgenic and nontransgenic cotton seeds) were
defined. The information of cotton seeds samples is shown in Table 1.

Lumianyan No.28 (LMY-1) is transgenic cotton seed, and Xinluzao
No.51 (XLZ) is nontransgenic cotton seed. The transgenic variety is
pest-resistant cotton and the non-transgenic one is without it. The
samples of cotton seed were stored in sealed plastic bags at 4°C until

use.

2.2 | Sample preparation and experimental design

Because there is more lipid content in cotton seeds, standard poly-
ethylene chemical powder, which has no strong absorption features
within the THz spectrum, was chosen firstly to be the medium. The
tough testa of all the transgenic and nontransgenic cotton seeds was
removed firstly.

In this experiment, sizes of the cotton seeds’ particles were
grinded at 80 nm in Nano-scale. Room temperature grinding of seed
powder was conducted by a planetary ball mill (YXQM-1L) using
media tablets of the nanoparticle scale. In order to explore sam-
ple-making method and data acquisition method in THz band, the
current research was composed of three experiments:

Experiment-1 was to optimize THz spectroscopy technology and
was divided into three controlled groups according to with/without

polyethylene disturbance (Table 1).

Group-I: Polyethylene chemical powder was used as the inter-
layer of the tablet.

Group-Il: Polyethylene chemical powder was mixed in the seed
powder and made for the tablet samples.

Group-lll: Only transgenic/non-transgenic cotton seeds were

made for the samples without any polyethylene chemicals.
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Experiment-2 was to investigate the viability and effectiveness
of THz spectroscopy for discrimination of transgenic (LMY-1) and
nontransgenic cotton seeds (XLZ).

Experiment-3 was to explore the mechanism of THz spectros-
copy for discrimination of transgenic and non-transgenic organisms
by using molecular DNA segments.

All tablet samples were made into 1 mm thickness sheets. The
diameter of each plate was 13 mm in size. The main procedures of

this research were shown in Figure 1.

2.3 | Experimental setup

All reflection and transmission experiments were performed in labo-
ratory atmosphere at room temperature on a Menlo Systems TERA
K15, THz time-domain spectroscopy system with fiber coupling
(And & Schmuttenmaer, 1996). The central wavelength of the THz
generator and detector is 1,550 nm and the optical power is 33 mW.
The TERA K15 was allowed for the tight focusing of the THz beam
down to approximately 1 mm in diameter via four plano-convex
lenses. Measuring the reflection or transmission spectrum by a dedi-
cated special rotating table that rotates the detector and associated
lens together to the appropriate angle of incidence required for the

sample direction. A sample holder was then mounted on top of the

pivoting point of this mechanism. The samples were held in place in

this holder tightly, to ensure that each sample was mounted as flat
as possible and that avoid moving the device to the greatest extent
when exchanging samples to reduce errors. During the test, in order
to avoid THz pulse being absorbed by water molecules in the air,
nitrogen should be filled in the sealed experimental device so that
the temperature in the sealed device is about 21°C and the relative
humidity is <5% (Li, Li, & Ye, 2020).

The THz beam was focused onto the sample by the paraboloids
and reflected by the sample layers. The reflection beam, preserving
the phase and amplitude information of the sample, was collected
and sent to optically gated THz dipole detector. The reflection signal
was amplified and processed on the flight for each pixel to obtain the
THz data (time-domain data) that can be transformed into frequen-
cy-domain data through the Fast Fourier transform (FFT).

2.4 | Transgenic/ nontransgenic DNA test

In order to explore the relationship between experimental phenom-
enon and the microscopic mechanism, transgenic/nontransgenic DNA
test was carried out in this research. Transgenic/nontransgenic DNA
was obtained from Department of Agricultural and Biotechnology at
Beijing Forestry University. The supplied DNA was dissolved in NaCl
prior to lyophilization of the sample, implying that the counterion is Na.
Polyethylene samples were also measured as comparison and reference.

FIGURE 1 The transgenic and
nontransgenic cotton seeds (a), pressure
device (b) and the side (c)/front (d) view of
the prepared samples
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FIGURE 2 Experimental setup for the THz analysis process (a) and the lock-in amplifier (b). THz absorption spectrogram of nontransgenic
(c) and transgenic (d) cotton seeds using interlayer/mixing polyethylene substance or not

Each sample was removed from the buffer just prior to measurement,
and excess buffer was allowed to drip off the tissue by tilting the poly-
ethylene plate. The tissue was then mounted vertically at the THz focal
point with the THz beam directed through the polyethylene plates. All
experiments were performed in triplicate. The average value of total 6
measurements + standard deviation was regarded as the final results.

2.5 | Data analysis

The THz optical refractive index of the cotton seeds is calculated
using standard algorithm (Fischer et al., 2005; Heavens, 1992):

o) —prelfllc
=2

+1 1
where ¢ (f)and ¢, (f) are the phase angles of the Fourier transforms of
the powder transmissions of the seed sample, I, is the amplitude values
of powder transmissions of the samples, and I  is the amplitude val-
ues of powder transmissions of the reference (the blank polyethylene
chemicals), and c is the light speed and f is the frequency. d is the optical
path the THz pulse of radiation passing through samples before being

detected. To derive the dielectric constant, the extinction coefficient,
B(f), is obtained as

ﬂ(f):ln[ 4n(f) ] c )

2(Aln(A+112 | 2xfd

Where p(f) is the amplitude ratio of the Fourier transforms of I,
and I .. The absorption coefficient of sample, o, is deducted as

alf) = 270 3)

C

SPSS software package was used for statistical analysis (version
13, SPSS).

3 | RESULTS AND DISCUSSION
3.1 | Preparing technology optimization

Terahertz waves are capable of easily propagating through most of

the dielectric materials (such as plastics, clothing and packaging) and
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FIGURE 3 THztime-domain spectra (a), frequency-domain spectra (b), THz refractive spectrogram (c) and THz absorption spectrogram

(d) of nontransgenic (black line) and transgenic (red line) cotton seeds

even through some construction materials, which can be analyzed
rapidly. The experimental setup was shown in Figure 2a,b and the
samples should not to be touched which avoids any damages in the
detection process. It is reported that polyethylene is almost trans-
parent at THz region compared to other bands in the whole elec-
tromagnetic wave (Bruni, Conti, Corvi, Rocchi, & Tosi, 2002; Palka,
Panowicz, Ospald, & Beigang, 2015); however, most measurements
were made compared to a sample consisting solely and fully mixed
with polyethylene. In this study, we investigated numerous samples
formation methods using commercially standard polyethylenes. As
shown in Figure 2c,d, there were small fluctuations in the THz ab-
sorption spectrogram due to polyethylene chemical powder, but the
general tendency was more or less the same. After the phase's error
correction, the absorption index of cotton seeds was calculated and
compared with that of the polyethylene pellet, which did not have
typical absorption features in 0.1-2.0 THz band. It was found that
the minor fluctuation errors to determine the measurement position

of samples may be caused either by sample-projectile interactions

or by making inhomogeneity of the samples. Moreover, the group re-
fractive index of the thinner samples at a single point was calculated
and also showed typical fluctuates (Hall & Richard, 1967).

Polyethylene is widely used in versatile applications, and it is
used as medical polymers in contact with living tissues or biologi-
cal fluids (Exter, Fattinger, & Grischkowsky, 1989; Tomita, Kitakura,
Onmori, lkada, & Aoyama, 1999). In THz band, polyethylene also
showed very weak absorption features which made it a good ref-
erence material. The transmission spectrum was normalized to the
spectrum of a pure polyethylene film. This distinguishing method
was in a nondestructive and contactless manner. The nondestructive
method for inspecting inner polyethylene is, therefore, beneficial for
the quality control of polyethylene as source materials. Polyethylene
also shows stiff enough to format the tissue into tablets, and pliable
enough for scissors to cut conveniently. From the above analysis and
exponential exploration, the obtained results reflect the samples’
real conditions very close and interlayer polyethylene seems to be a
good choice for the THz technique.



LI ano SHEN

3.2 | Transgenic and nontransgenic data analysis

From the measured THz data, the average amplitudes and phases
of transgenic and nontransgenic cotton seeds showed very close
detector current in THz time-domain spectroscopy (Figure 3a). The
curves showed only minor difference of the waveforms and the
pulse amplitudes of nontransgenic and transgenic cotton seeds. So
it is unobvious to discriminate transgenic and nontransgenic cot-
ton seeds just using time-domain spectra and other visual angles
should be explored. The amplitude of different cotton seeds was
then calculated under the frequency-domain transformed from
time-domain data (Figure 3b). The measured signals from samples
using THz equipment usually contain not only the initial pulses
which were transmitted through the seeds, but also numerous
subsequent pulses of delay time generated by internal reflections.
Refractive index of the transgenic cotton seeds was lower than the
nontransgenic ones (Figure 3c). The step change of reflective index
around 1.6 THz reflects THz phase changes of samples and it may
be caused by three reasons: one is the higher oil content; the sec-
ond is a new ingredient due to DNA of transgenic samples, and the
third is that the phase in Equation (1) is determined within 2zK,
where K is integer.

The absorption curves of transgenic and nontransgenic cotton
seeds are shown in Figure 3d. The spectroscopy curves of two va-
rieties showed similar tendency; however, for the transgenic cot-
ton seeds, there were significant peaks in 1.0-1.2 and 1.3-1.5 THz
region in details. On the contrary, there were no distinctive peaks
for the nontransgenic cotton seeds in these THz regions. As for cot-
ton bio-samples, the intermolecular interactions, such as van der
Waals forces, hydrogen bonding, usually modify the intramolecular
vibrations’ mode structure and cause additional vibrational modes
including collective dynamics of certain molecules (Brucherseifer

CWILEY- -2

et al., 2000). The intramolecular interactions are usually much more
obvious than intermolecular interactions, and the fingerprints of
intermolecular modes often emerge in THz band. In addition, the
results also showed that cotton seed samples in nanoparticle scale
can provide important information in THz band and the nanoparticle

scale size fitted this study well.

3.3 | DNA analysis

The molecule's global conformation is very important in typical
bio-molecules such as DNA proteins and RNA. Although previous
calculations are not accurate enough for the possible influences of
van der Waals, the observations of interhelical excitations indicate
THz might be a useful tool for label-free detection of binding state
of DNA (Brucherseifer et al., 2000). As shown in Figure 4, trans-
genic DNA had higher absorption index than nontransgenic DNA. In
particularly, from 1.0 to 1.6 THz region, there were 3-4 peaks that
corresponded to the cotton seed samples (Figure 3d) (Zhang et al.,
2016). Due to the minor inhomogeneities during the macroscopic
sample-making process including grinding, mixing and pressing, and
the environmental influences, the absolute value of absorption coef-
ficient varied slightly (about 10%) in the actual measurements. The
presented index of THz absorption spectrogram is an average one of
the sample materials.

Based on the presented achievements, the refraction index
of DNA molecules was paid much more attention recently by
Brucherseifer who employed the far-infrared parameters of DNA
samples to study the hybridization state (Fedotov et al., 2015).
However, different results in the observed transitions indicate the
actual difficulties met in reliably analyzing DNA using the above
technologies, as shown by recent analysis of hybridized DNA in

8 1 e NON-transgenic DNA e==== Transgenic DNA

Absorption (1/cm)
N

0 T T T T T T T T r |
FIGURE 4 THzabsorption 0.0 0.4 0.8 1.2 16 20
spectrogram of nontransgenic (black line)
and transgenic (red line) DNA Frequency (THZ)
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time-domain under different humidity levels. After comparison with
similar spectral features of molecules containing similar side groups
(Fischer et al., 2002), we tentatively interpret these additional lines
as vibrational signatures associated with the sugar groups attached
to the nucleobases.

The presented measurements represent an observation of
binding-state-dependent properties of polynucleotides in THz
band. This observation does not only raise a probing concept for
the essential analysis of bio-molecules which can rapidly con-
duct dynamic conformation analysis, but also potentially advance
the basis for the development of future THz-based gene probing

techniques.

4 | CONCLUSIONS

In conclusion, the presented preliminary study has designed to ob-
tain and observe the absorption difference between the transgenic
and nontransgenic cotton seeds in THz band and tried to explore a
method to identify the transgenic cotton seeds from its counterparts
using THz spectroscopy probing methods, which demonstrates the
capability of THz techniques for detecting the binding state of ge-
netic material directly. From the study, it was found that polyethylene
chemical and the proposed sample-making method are good choices
for the THz technique, which made the results obtained in this in-
vestigation closely reflecting the real conditions. The results showed
cotton seeds samples in nanoparticle-scale can provide important in-
formation in THz band and there were significant peaks in 1.0-1.2 and
1.3-1.5 THz region for the transgenic cotton seeds. From 1.0 to 1.6
THz region, transgenic DNA had higher absorption index than non-
transgenic DNA which corresponded to the cotton seed samples well.
The response of THz absorption spectrogram changes to transgenic
and nontransgenic cotton seeds can provide a theoretical basis for

further research to distinguish GM organisms from crop varieties.
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