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SUMMARY

The vibrational and rotational frequencies of most biological macromolecules fall
within the terahertz (THz) band; therefore, the THz wave has a strong ability to
distinguish substances. Saccharides are important organic substances and the
main source of life-sustaining activities. In this study, the spectral characteristics
of D-glucose, a-lactose hydrate, and B-maltose hydrate were measured in the
solid state through THz time-domain spectroscopy in the frequency range of
0.1-2.5 THz. The crystal configurations of these three saccharides were then
simulated using solid-state density functional theory, and the experimental re-
sults were found to be in good agreement with the simulation results. Further-
more, the spectral characteristics of the three saccharides in solutions were
measured. Each saccharide was found to have unique spectral characteristics,
and a correlation existed between the THz absorption spectra of the same sub-
stance in the solid state and aqueous solution.

INTRODUCTION

The terahertz (THz) band refers to frequencies in the range of 0.1-10 THz and wavelengths in the range of
30 pm-3 mm. THz waves coincide with millimeter waves in the longwave band and infrared light in the short-
wave band. In addition, THz waves are not only the transition zone from the macroscopic classical theory to
the microscopic quantum theory but also the transition zone from electronics to photonics, which is referred
to as the “THz gap” of the electromagnetic spectrum (Han et al., 2010). Several studies have found that most
of the vibrational and rotational modes of biological macromolecules are in the THz band; therefore, THz tech-
nology provides a theoretical basis for biological sample recognition (Li et al., 2014; Nishizawa et al., 2008; Banh
etal., 2006; Kumaretal., 2013; Waltheretal., 2010. THz time-domain spectroscopy (THz-TDS) is a representative
technique of THz spectroscopy, which can be used to effectively obtain the physical and chemical information
of materials. In addition, the low energy of THz photons does not damage the measured substance. Therefore,
the THz technology is a very useful nondestructive detection technology. In recent years, considerable ad-
vances have been made in the application of THz spectroscopy to the field of biomedical detection. The quan-
titative diagnosis of pathological tissues through the analysis of optical parameters has become a new research
focus of biomedical photonics (Clothier and Bourne, 2003; Liu et al., 2018). The analysis of saccharides has al-
ways been the focus in biomedical research. Saccharides participate in the composition of human tissues in the
form of proteoglycans, glycoproteins, and glycolipids. In addition, some glycoproteins have specific biological
functions, such as cell-to-cell messaging, cellular immunity, and cell recognition (Calegari et al., 2017; Sahud
et al., 2013; Liu et al., 2013; Mclellan et al., 2013; Selvarajan and Mohanasrinivasan, 2015; Sahud et al., 2013,
2013). D-Glucose is a type of polyhydroxyaldehyde, which is the most widely distributed and important mono-
saccharide in nature. Maltose is a colorless crystal; it is a disaccharide formed by the dehydration of two glucose
molecules connected by glycosidic bonds. Maltose usually contains a crystal water molecule. Lactose is a
typical disaccharide formed by the condensation of glucose and galactose; it usually crystallizes with amolecule
of water to form a-lactose hydrate. D-Glucose, a-lactose hydrate, and B-maltose hydrate have similar molecular
structure and contain a large number of hydrogen bonds, and we hope to know more about their spectral char-
acteristics in the THzband (Klein et al., 1996; Zheng et al., 2012; Whiteside et al., 2008). It is known that different
saccharides have different spectral absorptions in the THz band and even isomers of the same saccharides have
different spectral characteristics. Upadhya et al. measured the high-resolution absorption spectra of different
polycrystalline sugarsin the 0.1-to 3-THzrange and determined the vibrational characteristics of the absorption
peaks using simulations (Upadhya et al., 2004). In the present study, we not only measured the absorption
spectra of D-glucose, a-lactose hydrate, and B-maltose hydrate in the solid state via a transmission THz-TDS
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Figure 1. THz transmission absorption spectra of solid D-glucose, solid a-lactose hydrate, and solid B-maltose hydrate
(A) Solid D-glucose.

(B) Solid a-lactose hydrate.

(C) Solid B-maltose hydrate.

system but also simulated their intermolecular vibration modes using the solid-state density functional theory
(DFT) software. Furthermore, we prepared a THz microfluidic chip and measured the spectral characteristics of
the three saccharides in the solution state. We found that the THz spectra of the same saccharides in the solid
state and aqueous solution were strongly correlated.

RESULTS AND DISCUSSION
THz spectra of the three solid saccharides

The solid tablet samples of the three saccharides were measured via THz-TDS system. The THz absorption
spectra are shown in Figure 1. As shown in Figure 1A, solid D-glucose has characteristic absorption peaks at
1.44,1.76, 2.08, 2.32, and 2.56 THz, and the peak positions are roughly the same as those of the solid
glucose reported by Wang et al. (2016). As shown in Figure 1B, solid a-lactose hydrate has characteristic
absorption peaks at 0.52, 1.37, 1.79, 2.07, and 2.35 THz. Finally, as shown in Figure 1C, solid B-maltose hy-
drate has characteristic absorption peaks at 1.09, 1.59, 2.01, and 2.39 THz.

Simulation of the three solid saccharides

The shape and size of crystal cell can be expressed using six parameters, namely the lattice characteristic pa-
rameters, including the lengths of three groups of edges (i.e., the axial length of the crystal) a, b, and c of the
crystal cell and the angle between the three groups of edges (i.e., the axial angle of the crystal) «, 8, and v, of
which, = cA b, B=aAc, y=aAb. The crystal cell structure of D-glucose, which is orthogonal and has the
P212124 (19) chiral space group, is shown in Figure 2A, and its structural parameters are a = 9.714 (11) A, b=
14.99 (2) A c=4.262(19) A a=90° 8=90° and y = 90°. The simulation results and experimental absorption
characteristics in the THz band of D-glucose are shown in Figure 2B; it can be seen that the simulated absorp-
tion peaks are consistent with the experimental ones. However, there are some offsets and discrepancies be-
tween the simulation and experimental results. The simulation is based on the fully idealized crystal structure
and was conducted at 0K, whereas the experiment was conducted at 300 K. The thermal motion between mol-
ecules may result in the displacement of the absorption peak. The different vibrational modes of D-glucose in
the THz band are shown in Figures 2C-2F. The experimental absorption peak at 1.44 THz corresponds to the
simulated absorption peak at 1.41 THz; this peak mainly originates from the intermolecular interaction and col-
lective vibration of D-glucose molecules, as shown in Figure 2C. The experimental absorption peak at 1.76 THz
corresponds to the simulated absorption peak at 1.72 THz; this peak is generated due to the rotation of the
six-membered ring as well as the wagging of —CHOH and —OH, as shown in Figure 2D. The experimental ab-
sorption peak at 2.08 THz corresponds to the simulated absorption peak at 2.12 THz; this peak predominantly
originates from the wagging of —OH and the rotation of —CHOH, as shown in Figure 2E. The experimental ab-
sorption peak at 2.32 THz is absent in the simulated spectrum, which may be caused by the difference between
the experiment and simulation temperatures. Finally, the experimental absorption peak at 2.56 THz corre-
sponds to the simulated absorption peak at 2.51 THz; this peak is attributed to a slight rotation of the six-
membered ring and the wagging of —CHOH, as shown in Figure 2F.

The crystal cell structure of a-lactose hydrate is shown in Figure 3A,; itis a monoclinic structure with the P2, (4)
chiral space group. The structural parameters are a = 4.7830 (5) A, b=21540(2) A, c=7.7599 (8) A, a = 90°,
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Figure 2. Simulated results of the THz spectrum and the corresponding vibrational modes of D-glucose
(A) Crystal cell structure of D-glucose and periodic boundary conditions used in the calculation.

(B) Experimental and simulated THz spectra of D-glucose.

(C-F) Simulated vibrational modes of D-glucose at (C) 1.41, (D) 1.72, (E) 2.12, and (F) 2.51 THz.

B8 =105.9°, and y = 90°. The simulated and experimental absorption characteristics of a-lactose hydrate in
the THz band are shown in Figure 3B, whereas its vibrational modes in different THz bands are shown in
Figures 3C-3F. The experimental absorption peak of a-Lactose hydrate at 0.52 THz is not present in the
simulated spectrum, which may be caused by the difference between the experiment and simulation tem-
peratures. The experimental absorption peak of a-lactose hydrate at 1.37 THz corresponds to the simulated
peak at 1.37 THz; this peak originates predominantly from the collective vibration of a-lactose hydrate mol-
ecules, as shown in Figure 3C. The experimental absorption peak at 1.79 THz corresponds to the simulated

B —— a-Lactose monohydrate.exp
a-Lactose monohydrate.sim
137
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[X] o 1s 20 25
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Figure 3. Simulated results of the THz spectrum and the corresponding vibrational modes of a-lactose hydrate
(A) Crystal cell structure of a-lactose hydrate and periodic boundary conditions used in the calculation.

(B) Experimental and simulated THz spectra of a-lactose hydrate.

(C-F) Simulated vibrational modes of a-lactose hydrate at (C) 1.37, (D) 1.79, (E) 2.07, and (F) 2.41 THz.
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Figure 4. Simulated results of the THz spectrum and the corresponding vibrational modes of B-maltose hydrate

(A) Crystal cell structure of B-maltose hydrate and periodic boundary conditions used in the calculation.
(B) Experimental and simulated THz spectra of B-maltose hydrate.
(C-F) Simulated vibrational modes of B-maltose hydrate at (C) 0.8, (D) 1.59, (E) 1.94, and (F) 2.26 THz.

absorption peak at 1.79 THz; this peak arises from the collective translation of a-lactose hydrate molecules,
as shownin Figure 3D. The experimental absorption peak at 2.07 THz corresponds to the simulated absorp-
tion peak at 2.07 THz; this peak is predominantly due to the translation of the six-membered ring as well as
the rotation of -CHOH and —COOH, as shown in Figure 3E. The experimental absorption peak at 2.35 THz
corresponds to the simulated absorption peak at 2.41 THz; this peak is predominantly attributed to the rota-
tion of ~-CHOH, —CH,OH, —OH, and water molecules, as shown in Figure 3F.

The crystal cell structure of B-maltose hydrate is shown in Figure 4A; its crystal structure parameters are a = 4.866
() A, b=15.077 (6) A, c=10.702(5) A, a« = 90°, = 97.07°, and y = 90°. Its structure is monocline and has the P2,
(4) chiral space group. The simulated and experimental absorption characteristics of B-maltose hydrate in the
THz band are shown in Figure 4B. This figure shows that the simulated absorption peaks are consistent with
those obtained experimentally. However, there are some deviations and differences between the simulation
results and the experimental results, which may also be due to the differences between the simulation and
experimental conditions. The vibrational modes of B-maltose hydrate in different THz bands are shown in
Figures 4C-4F. The experimental absorption peak at 1.09 THz corresponds to the simulated absorption
peak at 0.8 THz; this peak is predominantly due to the intermolecular interaction as well as the rotation of
—CH,0OH, the six-membered ring, and —OH, as shown in Figure 4C. The experimental absorption peak at
1.59 THz corresponds to the simulated absorption peak at 1.59 THz; this peak predominantly originates
from the rotation of —CH,OH and —OH, as shown in Figure 4D. The experimental absorption peak at 2.09
THz corresponds to the simulated absorption peak at 1.94 THz; this peak is predominantly attributed to the
rotation of —CH,OH, —CHOH, —OH, and the six-membered ring as well as the vibration of water molecules,
as shown in Figure 4E. The experimental absorption peak at 2.39 THz corresponds to the simulated absorption
peak at 2.26 THz; this peak arises from the collective vibration of the B-maltose hydrate molecules, as shown in
Figure 4F. The detailed descriptions of vibrational modes of the three saccharides are presented in Table 1.

THz spectra of the three saccharide solutions

Because most saccharides play a role in the life activities of organisms in the form of solutions, the THz-TDS
system was used to measure the liquid samples of the three saccharides in the microfluidic chip. To make
the comparison easier, the solid and liquid THz spectra of the three saccharides are illustrated together in
Figures 5-7. As shown in Figures 5A and 5B, the absorption peaks of solid D-glucose at 1.44, 1.76, 2.08,
2.32, and 2.56 THz correspond to those of liquid D-glucose at 1.52, 1.71, 2.03, 2.27, and 2.47 THz,
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Table 1. Comparison of the positions of the absorption peaks obtained from the experiments and simulations

Exp liquid Exp solid  Cal

Sample (THz) (THz) (THz) Vibrational mode description
D-glucose 0.2 0.08 - -
0.52 1.44 1.41 molecular collective vibration, intermolecular
interaction
1.72 1.76 1.72 r (six-membered ring), w (—~CHOH, —CH,OH,
—OH)
2.03 2.08 2.12 w (—OH), r (~CHOH)
2.27 2.32 - -
2.47 2.56 2.51 r (six-membered ring), w (—CHOH)
a-lactose monohydrate 0.19 0.13 - -
0.54 0.52 - -
1.35 1.37 1.37 molecular collective vibration
1.75 1.79 1.79 molecular collective translation
1.9 - - -
2.01 2.07 2.07 t (six-membered ring),r (—CHOH, —CH,OH)
2.13 - - -
2.35 2.35 2.41 r (—CHOH, —CH,OH, —OH, H,0)
B-maltose monohydrate 0.16 0.12 - -
- 1.09 0.8 r (-CH,OH, six-membered ring, —OH),
intermolecular interaction
1.61 1.59 1.59 r (~CH,OH, —OH)
1.74 - - _
1.87 - - -
2.01 2.01 1.94 r (-CH,OH, —CHOH, six-membered ring,
—OH, H,0)
2.24 2.39 2.26 molecular collective vibration

The abbreviations adopted for the vibrations are r (Rotation), w (wagging), and t (translation).

respectively. As shown in Figures 6A and 6B, the absorption peaks of solid a-lactose hydrate at 0.52, 1.37,
1.79, 2.07, and 2.35 THz correspond to those of liquid a-lactose hydrate at 0.54, 1.35, 1.75, 2.01, and 2.35
THz, respectively. The absorption peaks of liquid a-lactose hydrate at around 1.90 and 2.13 THz do not
correspond to those of solid a-lactose hydrate; this is because water molecules in the solution produce
hydrogen bonds, which absorb THz waves and generate absorption peaks (Bosma et al., 1993). As shown
in Figures 7A and 7B, the absorption peaks of solid B-maltose hydrate at 1.59, 2.01, and 2.39 THz

absorption intensity(a.u.)
absorption intensity (a.u.)

. - 00 .
0.5 1.0 15 20 25 0.5 10 15 20 25
Frequency (THz) Frequency (THz)

Figure 5. THz transmission absorption spectra of solid D-glucose and liquid D-glucose
(A) Solid D-glucose.
(B) Liquid D-glucose.
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Figure 6. THz transmission absorption spectra of solid a-lactose hydrate and liquid «-lactose hydrate
(A) Solid a-lactose hydrate.
(B) Liquid a-lactose hydrate.

correspond to those of liquid B-maltose hydrate at 1.61, 2.01, and 2.24 THz, respectively. The absorption
peak of solid B-maltose hydrate at 1.09 THz is not present in the spectrum of the corresponding aqueous
solution. This is because, in the aqueous solution, the distance between molecules increases and the inter-
molecular force decreases. Thus, there is no absorption peak at 1.09 THz in the B-maltose hydrate aqueous
solution. Liquid B-maltose hydrate has absorption peaks at 1.74 and 1.87 THz, whereas solid B-maltose hy-
drate has no absorption peaks at these frequencies. The absorption peaks of liquid B-maltose hydrate may
be due to the interaction between B-maltose hydrate and water molecules.

Conclusion

In this study, the THz spectra of solid D-glucose, solid B-maltose hydrate, and solid a-lactose hydrate were
measured, and it was found that the three saccharides have different THz absorption peaks. To verify the
accuracy of the experimental results, the solid-state DFT of the Materials Studio quantum chemistry calcu-
lation software was used to simulate the intermolecular vibrations of the three saccharides in the THz range.
The experimental results are in good agreement with the simulation results. The characteristic absorption
peaks of the three saccharides are due to hydrogen bond and intramolecular and intermolecular interac-
tions. Furthermore, the spectral characteristics of the three saccharides were measured in aqueous solu-
tions, and it was found that the THz spectra of the same saccharides in the solid state and aqueous solution
are strongly correlated. These results provide the basic spectral properties of D-glucose, a-lactose hydrate,
and B-maltose hydrate in the far-infrared THz region and are helpful to understand the low-frequency vi-
brations of monosaccharides and disaccharides. Thus, our findings provide theoretical guidance for the
identification and research of other biological macromolecules.

Limitations of the study

In this study, the experimental results are roughly consistent with the simulation results, but there are also
small differences and offsets. The specific reasons for these differences and offsets need further experi-
mental research.
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Figure 7. THz transmission absorption spectra of solid f-maltose hydrate and liquid f-maltose hydrate
(A) Solid B-maltose hydrate.
(B) Liquid B-maltose hydrate.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
D-Glucose J&K Chemical CAS#: 50-99-7
a-Lactose hydrate J&K Chemical CAS#: 5989-81-1
B-Maltose hydrate J&K Chemical CAS#: 6363-53-7
D-Glucose crystal Cambridge Crystallographic Data Center CAS#: 50-99-7
a-Lactose hydrate crystal Cambridge Crystallographic Data Center CAS#: 5989-81-1
B-Maltose hydrate crystal Cambridge Crystallographic Data Center CAS#: 6363-53-7

Software and algorithms

Origin 8 Origin Lab https://www.originlab.com/

Materials Studio Castep http://www.castep.org/

Deposited data

Data This paper https://doi.org/10.5281/zenodo0.6351093

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Bo Su (subo75@cnu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data has been deposited at Zenodo (Huang et al., 2022) and is publicly available as of the date of pub-
lication. DOI are listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this working paper is available from
the lead contact upon request (subo75@cnu.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Our study does not use experimental models typical in the life sciences.

METHOD DETAILS

Experimental setup

Our experimental setup comprises an ordinary THz-TDS system. The central wavelength of the femto-
second laser is 800 nm, the pulse width is 100 fs, the output power is 0.9 W, and the pulse repetition
rate is 80 MHz. The spectral width of THz-TDS system is 0.1- 2.5 THz. After passing through the beam
splitter, the femtosecond laser is divided into two beams. One is the pump beam, which is focused on
an InAs crystal through an electric translation stage and a lens to generate THz pulses. THz waves converge
on the sample after collimating with an off-axis paraboloid mirror. The THz wave containing the sample in-
formation is focused on the ZnTe crystal through another off-axis paraboloid mirror, and the crystal is elec-
tro-optically modulated to change its refractive index. At the same time, the probe linearly polarized laser
changes into elliptically polarized light after passing through the electro-optic crystal with changed refrac-
tive index. After the elliptically polarized light passes through a quarter wave plate and Wollaston prism,
two unequal orthogonal polarized beams are generated and detected by the differential detector. The dif-
ferential photocurrent detected by a differential detector is not zero. The magnitude of this differential cur-
rentis directly proportional to the THz electric field. Therefore, the time domain waveform of the THz pulse
can be obtained according to the magnitude of the differential current. During the experiment, the relative
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optical path difference between THz pulse and detection light is adjusted using a computer-controlled
electric translation table, and the entire time-domain waveform of the THz pulse is obtained via point-
by-point scanning. The experimental light path is shown in Figure S1.

Sample preparation

Solid D-Glucose (monosaccharide), a-Lactose hydrate (disaccharide), and B-Maltose hydrate (disaccharide)
were prepared using the tablet pressing method. First, each sample and polyethylene were mixed in a mass
ratio of 1:1 and fully ground. The mixture was then pressed by applying a pressure of 3 t to obtain flake
samples with a diameter of 1.2 cm and a thickness of 1 mm. The concentrations of the aqueous solutions
of the three saccharides were 0.5, 0.1, and 0.5 g/mL, respectively.

Fabrication of the microfluidic chip

The strong absorption of THz waves in water makes it difficult to study liquid samples via THz spectroscopy.
The microfluidic technology reduces the absorption of THz waves in water by reducing the distance be-
tween the liquid samples and the THz waves, thus increasing the sensitivity of the detected signals. The
microfluidic chip comprises organic glass and the COC5013 material with high transmittance to THz waves.
As COC5013 is expensive and difficult to obtain, we used COC5013 only for the THz detection area of the
microfluidic chip, and organic glass was used for preparing other areas of the chip. First, a 12 mm long,
8 mm wide and 2 mm high organic glass was prepared. A6 mm long, 5 mm wide and 2 mm high rectangular
hole was cut in the middle of the organic glass using a laser engraving machine. Then, two 700 pm vertical
intersecting liquid channels were drilled at the left and right positions of the organic glass using the spot
shooting function of the laser engraving machine. Second, the COC5013 material was cut to the same size
as the rectangular hole on the organic glass. A channel with a length of 6 mm, a width of 3.5 mm, and a
height of 0.3 mm milled on the left-and right-hand sides of the COC5013 material using a milling cutter;
this channel was used as the detection area of the liquid samples. Finally, the COC5013 with the detection
area was embedded in the organic glass with liquid inlet and outlet channels, and the gap between the two
materials and the end faces of the left and right drill hole on the organic glass were sealed using hot-melt
adhesive to avoid liquid leakage. The fabrication process of the microfluidic chip is shown in Figure S2.

Computational method

To analyze the experimental spectra in detail and explore the specific reasons for the formation of absorp-
tion peaks, quantum chemical simulation calculations were performed via the solid-state DFT using the
Cambridge Sequential Total Energy Package (CASTEP) program (Clark et al., 2005) as a part of the Mate-
rials Studio package from Accelrys. The crystal cells used to calculate the three saccharides were all ob-
tained from the Cambridge Crystallographic Data Centre and the results were obtained for the crystalline
state within the generalized gradient approximation (GGA) at Perdew-Burke-Ernzerhof (PBE) (Perdew et al.,
1998; Xu et al., 2016) correlation functional. The Grimme’s DFT-D2 dispersion corrected method and norm-
conserving pseudopotentials were implemented in CASTEP (Grimme, 2010).

QUANTIFICATION AND STATISTICAL ANALYSIS

There is no statistical analysis in this paper.

ADDITIONAL RESOURCES

We have no relevant resources.

10 iScience 25, 104102, April 15, 2022

iScience



	ISCI104102_proof_v25i4.pdf
	Terahertz spectral properties of glucose and two disaccharides in solid and liquid states
	Introduction
	Results and discussion
	THz spectra of the three solid saccharides
	Simulation of the three solid saccharides
	THz spectra of the three saccharide solutions
	Conclusion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Experimental setup
	Sample preparation
	Fabrication of the microfluidic chip
	Computational method

	Quantification and statistical analysis
	Additional resources




