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Abstract 
 

We present the terahertz (THz) time-domain spectroscopy-
based study of ribo- and deoxyribonucleosides constituting 
RNA and DNA in an aqueous solution. These play pivotal 
roles in the biological information cascade and functioning 
of the cell. Terahertz spectroscopy is used to examine the 
low-frequency collective vibrational modes of the given 
molecules. THz fingerprint spectra of DNA and RNA 
molecules isolated from the cells could provide crucial 
information about the constituents and conformations. In 
addition, we also ascertained the interesting optical 
properties such as refractive index, absorption spectra, and 
extinction coefficients of these molecules in the spectral 
range of 0.1-2.0 THz. 
 
1. Introduction 
 
The recent development of THz technology has paved the 
way for its applications in the fields of medicine and 
biology [1-3]. The spectral range between 0.1-10 THz (3.3 
cm-1–333 cm-1) is an important region for low-frequency 
dielectric relaxation and vibrational spectroscopy of 
liquids, such as water, methanol, ethanol, propanol, etc. [4-
5].THz-Time domain Spectroscopy in combination with 
density functional theory (DFT) [6-11], can be used to 
study amino acids [12-17] and peptides [18-19] drugs, and 
explosives [20-22].THz spectroscopy-based data analysis 
and characterization of molecules can enable us to 
investigate and interpret complex biochemical processes 
and be useful as a tool for medical diagnostics at the 
cellular and molecular levels. 
 The optical properties of macromolecules in the THz 
spectral range are due to the low-frequency vibration 
modes of large atomic groups present in the molecule. Such 
vibrational modes are sensitive to the intermolecular 
structure owing to their collective nature and allow the 
analysis of conformational states. The low-frequency 
vibrational modes play vital roles in biochemical reactions. 
The specificity of the THz spectra to various conformers 
and isomers of the substances under study has been 
reported by several groups. In addition, the THz absorption 
bands can be sensitive to mutations and the environment.  
The application of THz spectroscopy in the study of 
Nucleo-bases, which are nitrogen-containing biological 
compounds remains limited. Their conjugates with ribose 
or deoxyribose sugar are known as ribo or 
deoxyribonucleoside, which can be phosphorylated to form 

corresponding nucleotides that polymerize to form RNA or 
DNA, respectively. Five nitrogenous bases are found in the 
biological system: Adenine (A), Guanine (G), Thymine 
(T), Cytosine (C), and Uracil (U). They form 
corresponding nucleosides Adenosine, Guanosine, 
Thymidine, Cytidine, and Uridine. Deoxynucleotides 
polymerize to form deoxyribonucleic acid (DNA) and 
ribonucleotides form ribonucleic acid (RNA). DNA 
contains A, T, G, and C, and RNA contains A, U, G, and 
C. Nucleic acid molecules serve as genetic material in 
biological organisms. THz techniques on hybridized DNA 
molecules have been performed in the past, but few 
experiments have addressed the binding state [23]. The 
importance of the refractive index of DNA molecules was 
highlighted by Brucherseifer and Nagel et al., who used the 
far-infrared absorption and index of refraction of a DNA 
sample to identify its hybridization state [24-25]. 
             
                          Chemical modification of these 
nitrogenous bases can modify the nature of information 
flow and thereby change the functional status of the cell. 
These modifications are highly regulated through a 
dedicated set of enzymes. These modifications have been 
reported in several diseases like diabetes, cardiovascular 
disease, neurodegenerative disease, cancers, etc. Several 
studies have also shown their prognostic and diagnostic 
values. Therefore, direct monitoring of the nucleobases and 
their chemical modification holds tremendous interest in 
the field of biochemistry. The commercially available 
authentic standards for modified bases, nucleosides, and 
nucleotides will be analyzed for orthogonal signatures, 
sensitivity, and dynamic range in an aqueous solution. Pure 
RNA and DNA-modified and unmodified oligos will be 
used to check the ability to identify/quantify modifications 
from intact oligos. 
 
2. Experimental Setup: 
 
                  Terahertz time-domain spectroscopy (THz-
TDS) experiment was carried out in reflection geometry by 
using the self-reference method [6]. THz-time domain 
system (Tera Flash-Toptica photonics, Germany) was 
used, which consists of an optical fiber coupled 
femtosecond laser and InGaAs/InAlAs photoconductive 
antennas for THz generation and detection. The 
femtosecond fiber-coupled laser was of 1.5 μm central 
wavelength with a repetition rate of 100 MHz, and the 
average output power was 80 mW. Each of the molecules 



was purchased from Sigma-Aldrich (Germany) in the 
purest possible form and used without further purification 
or recrystallization. A 10 mg molecule powder from was 
mixed in 5 ml of distilled water and sonicated for 15 min 
for a uniform sample mixture in aqueous media. A quartz 
plate of 2 mm thickness was used as the reference material, 
and the reference signal was measured. The liquid sample 
was deposited on the quartz plate, and time-domain spectra 
were recorded, as shown in Figure 1. The complex 
refractive index (ñ = n + ik) of the liquid sample was 
calculated using the equation-(1) as given below. The real 
part represents the refractive index(n), and the imaginary 
part represents the extinction coefficient (k). 

 
Figure 1. Schematic of the experimental setup 
 

ñ(𝜔)     =
( ȓ )   ȓ         

ȓ
                (1) 

Where nq is the refractive index of quartz, rqs is the 
reflectance from the quartz-sample interface, and θ is the 
angle of incidence of THz radiation. The absorption 
coefficient α(ω) in cm-1 is related to the extinction 
coefficient k(ω) shown in the equation -(2). 

 
   𝛼(𝜔) = 4𝑘(𝜔) ⁄ 𝑐                          (2) 

Where c is the velocity of light,  is the frequency in the 
THz region. 
       
3. Results and Discussion 
 
The Time-domain spectra measured from different 
molecules are shown in Figure 2. The first peak represents 
the reflection of the THz signal from the air-quartz surface, 
and the second peak represents the reflection from the 
quartz-sample surface. The fast Fourier transform (FFT) of 
the time domain signal yields frequency domain spectra of 
these samples between 0.1 to 2 THz range, as shown in 
Figure 3.  

 
Figure 2. THz time-domain spectra of ribo & 
deoxyribonucleosides in aqueous solution. 

 

 
Figure 3. Shows the frequency domain spectra of ribo &    
deoxyribonucleosides. 

 

 
Figure 4. a) Refractive index, b) Absorption spectra of ribo 
& deoxyribonucleosides. 

 

 
Figure 5. THz Extinction coefficient of ribo & 
deoxyribonucleosides. 
   
Optical parameters such as refractive index and absorption 
coefficients were measured and shown in Figure 4. The 
refractive index of the pure distilled water was measured 
and was found to vary from 3.5 and 2 between 0.1 to 2 THz 
range.  Similarly, the refractive index of molecules mixed 
in water was also recorded and observed with similar types 
of change with some lower values of R.I. from 3.2 to 2 
between 0.1 to 2.0 THz range.  It is to be noted that each 
molecule has a distinct refractive index in the terahertz 
region and shows some characteristic variation at the 1.25 
THz frequency range. The measured absorption spectra of 
molecules follow a similar pattern to water absorption 
spectra between the 0.1 to 1 THz range and the 
measurement at room temperature confirmed the presence 
of strong vibrational features observed in the absorption 
spectra of ribo and deoxyribonucleoside molecules 
between the 1.0 to 2.0 THz range, as shown in Figure 4(b). 
The extinction coefficients were also measured, varying 
from 2.0 to 0.5 between 0.1 to 2.0 THz frequency range, as 
shown in Figure 5. 
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4. Conclusions 
      
In the present work, we successfully recorded the 
distinguished spectral features of the ribo- and 
deoxyribonucleosides using the THz-TDS technique. 
Based on obtained experimental results and analysis, it is 
inferred that each molecule has a distinct absorption 
coefficient, refractive index, and extinction coefficient 
between 0.1 to 2.0 THz range. Terahertz spectroscopy 
requires only a small quantity of molecules to determine 
their characteristic optical properties, which may yield 
greater benefits, particularly as a probe for recording 
molecular dynamics, including the constituents and 
behaviors of DNA and RNA. 
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