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Abstract: A rapid method for detecting fatty acids (FAs) using terahertz time-domain spectroscopy 

(THz-TDS) technology combined with a metamaterial-based THz sensor was developed. We 

measured the THz responses to oleic acid, linoleic acid and α-linoleic acid with different numbers 

of double-bond, α-linoleic acid and γ-linoleic acid with different conformations. In addition, in 

order to explore the reason for the observed redshifts of the resonance frequencies of the four FAs, 

the dielectric constants of the FAs were measured in the THz region. Furthermore, the four fatty 

acids were also attempted to be identified by Raman spectroscopy, which was difficult to 

accomplish unambiguously because of the effect of fluorescence. This result thus demonstrates the 

power and usefulness of metamaterial-assisted THz-TDS in the rapid determination of the FAs, and 

its potential as a versatile tool for investigation of biological metabolism, and for food product 

quality, safety inspection and control. 
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Introduction 

Fatty acids (FAs) are widely distributed in nature and are as important as nutritional substances and 

metabolites in living organisms. FAs play essential roles in biological tissues and as constituents of 

lipids in biological membranes influence their properties such as fluidity, integrity and the activities 

of membrane-bound enzymes [1]. Fatty acids are usually analyzed by gas chromatography-mass 

spectrometry (GC-MS) with derivatization [2] and are routinely identified by comparing retention 

index (equivalent chain length, ECL [3] ) with those of the authentic fatty acid methyl esters 

(FAME) standards, and/or by executing a similarity search in a reference mass spectra library [4-6]. 

 

Many kinds of fatty acids play an important role in trace levels of the regulation of a variety of 

physiological and biological functions. Most fatty acids show neither natural absorption in the 

visible and UV regions nor fluorescence, thus their detection at trace levels using absorptiometry is 

fairly difficult if not impossible [7]. Their biological activities depend greatly on the number, 

geometry, and arrangement of double bonds [8]. Due to the importance of the location of the double 

bonds in unsaturated long-chain fatty acids (positional isomers), they have been studied by using 

fast atom bombardment (FAB) MS–MS , and electrospray ionization (ESI) MS techniques in 

various fatty acids [9].  

 

In recent years, THz spectroscopy has emerged as a promising technique that enables label-free, 

noncontact, and non-destructive inspection of chemical and biological substances [10-19]. THz 

detection of FAs has shown a great deal of advantages while avoiding the usual significant loss of 

THz wave transmission in other biological matters imbued with water. Several sharp peaks were 

observed for saturated crystallized fatty acids [20, 21], and unsaturated crystallized fatty acids 

showed two distinct peaks (at 247 and 328 cm−1), signifying that the carboxylic group THz 

absorbance of fatty acids was concentration-dependent [22]. However, for non-crystallized 

materials, their terahertz absorption spectra are often featureless which makes it hard to identify a 

material with good specificity.  



 

 

 

Metamaterials consist of periodically arranged, sub-wavelength metallic and/or dielectric elements 

and are designed to exhibit unique electromagnetic properties such as negative refraction [23, 24], 

sub-diffraction limited focusing [25-27], and cloaking [28, 29]. In addition, metamaterials with gap 

structures are endowed with strongly localized and enhanced fields, enabling sensitive detection of 

minute amounts of chemical and biological substances [30-36]. A well-designed metamaterial 

sensor would be so extraordinarily sensitive to the substance deposited over its surface, that it could 

provide a feasible approach to detect fatty acids with an extremely thin layer. Similar metamaterial 

sensors have been used to quantitatively analyze dilute BSA solution [37] and to track the loss of 

extracellular and intracellular water [38].  

 

In this work, we performed THz TDS on THz metamaterial sensors for high-speed detection of FAs 

of different double-bond numbers (Oleic acid, linoleic acid, α-linoleic acid) and positional isomers 

(α-linoleic acid, γ-linoleic acid). We measured frequency shifts in the inductive-capacitive 

resonance following the deposition of FAs (Oleic acid, linoleic acid, α-linoleic acid, γ-linoleic acid) 

with very low surface density. The resonance frequency shift in the specifically designed THz 

metamaterial was studied as a function of the effective dielectric constant, which was found to be 

consistent and in quantitative correlation with the dielectric constant measurements of individual 

FAs. In addition, the four kinds of fatty acids were detected by Raman spectroscopy. It was found 

that the Raman signal of linolenic acid could not be obtained simply because of the influence of 

fluorescence. 

Materials and methods 

Sample preparation 

The THz sensor composed of metallic square arrays of five square rings with two micro-gaps in the 

ring was fabricated by the conventional photo-lithography technique on a high resistance silicon (Si) 

substrate with the thickness of 400 µm. 20 nm thick Chromium (Cr) and 200 nm thick gold (Au) 

metal films were successively deposited on the Si substrate in order to pattern the split-ring 



 

 

resonator (SRR) structure with a period of 60 µm, gap size of 2.5 µm, linewidth of 2 µm, and 

line-length of 50 µm, as depicted in Fig. 1. 

 

Fig.1 Structural schematic of the metamaterial sensor. The figure shows two adjacent elements 

of the 150 by 150 array of concentric gapped square rings on the sensor chip. Scale bar: 25 µm. 

 

Oleic acid, linoleic acid, α-linoleic acid and γ-linoleic acid were purchased from Sigma, with 

schematic diagram of chemical structures shown in Fig. 2. The sample (1 µL) was dropped on the 

cleaned surface of the THz sensor, and then coated evenly on the surface with the sample using a 

spin coater prior to experiments. After THz-TDS measurement of one sample, The THz sensor 

coated with the FAs was washed by ethanol and ultra-pure water and then dried by nitrogen before 

switching to other samples. The same thickness of the samples was ensured by the same amount of 

samples deposited on the sensor surface. 

 

Fig. 2 Chemical structures of the tested FAs. 

THz spectroscopy measurement 

THz transmission spectra were measured by employing a commercial THz-TDS system (Advanced 

Photonix, Inc., T-Ray 5000). The femtosecond pulses were produced by a Ti-sapphire laser with a 



 

 

central wavelength of 1064 nm, a repetition rate of 100 MHz, and pulse duration of <100 fs; The 

beam was divided into two parts by a polarizing beam splitter, one as the probe beam, directly 

irradiating on the photoconductive antenna (PCA), another as the pump light gathering on another 

PCA that had been biased electrically to generate THz radiation, with an average power of 130 nW, 

which was focused on and penetrated the metamaterial. The THz signals irradiated on the second 

PCA were sampled discretely by the probe light to acquire the time-domain waveforms.  

 

THz time-domain waveforms of the THz sensor covered with FAs were acquired under the same 

experimental conditions, at room temperature of 25℃ and a relative humidity of 3%, maintained 

by the purge of nitrogen gas. Triplicates were run per sample. An average THz time-domain 

waveforms of each fatty acid was obtained in the 1.0 to 2.0 THz band.  

 

First, the dielectric constants of four fatty acids were measured by terahertz transmission 

spectroscopy to aid the verification of the relationship between the dielectric constants and THz 

time-domain waveforms detected by terahertz combined with metamaterial sensor. Each sample 

solution (about 7 µL) is respectively injected into a liquid sample cells, which has a diameter of 9 

mm, thickness of 0.12 mm, featuring two plastic (Polyvinyl Chloride) slide windows sandwiching a 

Secure-Seal spacer. The cells are prepared for the four FAs (Oleic acid, linoleic acid, α-linoleic acid, 

γ-linoleic acid). The same sample cell with fixed thickness and diameter is used for each sample 

and is disposable after use. THz transmission spectra of the FAs in the sample cells were collected. 

Triplicates were run per sample. An average dielectric constant of each fatty acid was calculated in 

the THz region.  

 

The THz optical refractive index of the FAs is calculated using a standard approach [39], 

(1) n��� = ����	�
���
�	��.�
	� + 1,                                                    

where �����, �������  are the phase angles of the Fourier transforms of the power 

transmissions of the FA sample Is, and the power transmissions of the reference (the blank sample 

cell), Iref, respectively, and c is the light speed and � is the angular frequency. To derive the 



 

 

dielectric constant, the extinction coefficient, ����, was obtained first, as,  

(2) ���� = �� � ���	�
��	� ��	�!"#$%

�
	� ,                                                   

where &��� is the amplitude ratio of the Fourier transforms of Is and Iref. The absorption 

coefficient of the FAs, α, is deducted as 

(3) α��� = 2ω����/+,                                                           

and the complex dielectric constant, ,̂���, is expressed as 

(4) ,̂��� =  n��� + .����#/ = ," + .,/,                                             

where ,"and ,/ are the real part and the imaginary part of the dielectric constant, respectively. 

 

Raman spectroscopy measurement 

Raman spectra were measured by employing a Renishaw inVia Raman spectrometer which was 

made in UK. In order to reduce the background of the Raman spectra, the 10 µL FAs were dripped 

on the surface of MgF2. In this experiment, the wavelength of the excitation laser is 532 nm. The 

system was calibrated with a small piece of clean silicon whose peak is located at 520.5 cm-1 before 

measuring the Raman spectra. Three different locations on each FAs were measured to obtain an 

average spectrum for each sample under the same experimental conditions. The temperature was 25℃ 

and the humidity was 52% in the laboratory. The effective frequency region ranged from 100 to 

3200 cm-1.  

Results and discussion 

THz detection of FAs 

The average THz transmission spectra for the THz sensor covered with four FAs are shown in Fig. 3. 

A series of resonant frequencies have been observed, and the THz transmission spectrum of the 

blank dry THz sensor was obtained as a reference, with the resonant frequency of 1.3875 THz. 

Obviously, compared with the blank THz sensor, the resonant frequencies of the samples were 

redshifted. The amounts of shifts for three representative resonant frequencies were 87.5 GHz, 

112.5 GHz and 143.75 GHz, respectively. It is a commonly accepted practice to model the 



 

 

fundamental mode of the SRR as that of an LC oscillator, with a resonant frequency given by 

Ω = 1 √23⁄ , where L and C are the equivalent inductance and capacitance of the SRR. 

Consequently the redshift can be explained by the change of capacitance in the gap area, which is 

proportional to the effective dielectric constant. Apparently, the FAs attached to the THz sensor 

cause the effective dielectric constant to increase, resulting in the redshift of the resonant frequency. 

 

Standard SPR theory predicts a one-to-one correspondence between the resonant frequency and the 

effective dielectric constant, based on which we can conclude that there exists three different 

dielectric constants, corresponding to the three measured resonant frequencies. Oleic acid is an 

eighteen carbon fatty acid with one double-bond, linoleic acid with two double-bonds, α-linoleic 

acid and γ-linoleic acid are positional isomers with three double-bonds. Thus the observed different 

resonant frequencies might be used to characterize the number, geometry and arrangement of 

double bonds in the THz range. 

 

To further explore the reason for the three kinds of redshifts, we measured the dielectric constants 

of the FAs in the THz region, as shown in Fig.4. These results revealed that there were also several 

different values of the dielectric constants, of which we mainly focus on three real part of the 

dielectric function here. We find that the real part of the dielectric constants showed an increase 

with increase in the redshifts of resonant frequencies in the THz range. Moreover, as noted before, 

Oleic acid is fatty acid with one double-bond, linoleic acid with two double-bond, γ-linoleic acid 

with three double-bond, thus the number of double-bond differentiates the real part of the dielectric 

constant of these three fatty acids.  

 

At the same time, we found that in the case of linoleic acid (with two double-bond) and α-linoleic 

acid (with three double-bond), their resonant frequencies were nearly indistinguishable. Thus, the 

experimental results suggested that there should be similar dielectric constants between linoleic acid 

and α-linoleic acid. And dielectric constant measurement has suggested that the real part of the 

dielectric function of linoleic acid and α-linoleic acid were indeed similar. Thus, we could not jump 



 

 

to a conclusion that dielectric constants showed a linear or nonlinear increase with increase in the 

number of double-bond in the THz range. 

 

Additionally, it manifested that the dielectric constant of γ-linoleic acid was greater than α-linoleic 

acid, based on the results that the resonant frequency of γ-linoleic acid (1.24375 THz) was lower 

than that of α-linoleic acid (1.275 THz) and the formulas mentioned above. It demonstrated that the 

real part of the complex dielectric constant of FAs was related to the conformation of the molecule. 

Thus, we could draw a conclusion that when the resonant peak is found at a specific frequency, it 

indicates that the corresponding dielectric constant would correlate with the conformation of the 

sample. 

 

To our knowledge there have been no reports on the differences of complex dielectric constants 

among the four FAs in the THz region. Due to the complex dielectric constants of the FAs 

influenced by the number, geometry and arrangement (conformation) of double bonds, resonant 

frequencies among the FAs were obviously different. Thus THz-TDS combined with metamaterial 

technology could sense the number, geometry and arrangement of double bonds, further 

distinguishing the FAs. Meanwhile, as is commonly known, there are many kinds of fatty acids in 

edible oils and in the body of animals and plants, which can be distinguished by the THz-TDS 

system through improved detection sensitivity by perfecting the design, fabrication, and functional 

modifications of the metamaterials. 



 

 

 

 

Fig. 3 (a) THz transmission spectra measured with THz sensor coated with the four FAs. (b) is 

a partially enlarged view of (a).  

 



 

 

 

Fig. 4 Real part of the dielectric constants of the FAs in the THz region.  

Finite element method simulation 

Based on the structural parameters of the metamaterial mentioned in the above part, the surface 

electromagnetic field distribution of the metamaterial was simulated with the finite element method 

(FEM). Additionally, the shifts of the resonance frequencies had also been calculated when the 

dielectric constant of the model was varied from 1.0 to 6.0. The FEM simulation was carried out 

using a commercial software (COMSOL). 

 

FEM simulation was carried out to predict the surface electromagnetic field distribution of the 

metamaterial at the 1.3875 THz resonance frequency (Fig. 5). As can be seen, the surface 

electromagnetic field distribution of the metamaterial is concentrated in the outermost ring. 

Therefore, the 1.3875 THz resonance was mainly caused by the resonance of the outermost ring. 

 

In order to predict the resonant peak changes, the shifted resonance frequencies had been calculated 

(Fig. 6). The result showed that there was a good linear correlation between the dielectric constant 

and the resonance frequency shifts. In addition, the shift of resonance frequency could reach 20 

GHz when the dielectric constant increased by 0.5, which was similar with the shift of resonance 



 

 

frequency observed in the experiment.  

 

 

Fig. 5 Simulated surface electromagnetic field distribution of the metamaterial at the 1.3875 THz 

resonance frequency. 

 

 

Fig. 6 Correlation between the real part of the dielectric constant and the shifted resonance 

frequency at the 1.3875 THz resonance. 



 

 

Raman detection of FAs 

Raman spectra of oleic acid and linoleic acid after baseline calibration are shown in Fig. 7. Because 

the fluorescence intensity produced by α-linoleic acid and γ-linoleic acid is far greater than that of 

the Raman scattering light, the characteristics of Raman signal are concealed. The Raman 

characteristic peaks of oleic acid and linoleic acid are basically similar. So it can be concluded that 

it is difficult to directly distinguish the four fatty acids by Raman spectroscopy.  

 

Fig. 7 Raman spectra of oleic acid and linoleic acid. 

Conclusion 

In conclusion, we have studied the dielectric frequency responses of oleic acid, linoleic acid, 

α-linoleic acid, and γ-linoleic acid, employing a combination of THz-TDS with a SRR 

metamaterial-based chip, and observed clear shifts in the resonant frequencies of the samples, 

attributable to the different double-bond number and conformation of the FAs, due to inherent 

changes in the dielectric constants in the gap areas of the SRR. Thus, the THz SRR sensor chip 

provides a potentially powerful approach to distinguish different FAs, because of the strong 

sensitivity to the samples adhered to the surface of the chip. However, within experimental 



 

 

resolution there was no discernible difference in the resonant frequencies of linoleic acid and 

α-linoleic acid. Although the two are similar in molecular structure, there was no apparent reason 

for them to respond exactly the same way to THz radiation. We suspect that the difference, if there 

is any, is small, and below our current system resolution. Further improvement in THz technology 

and THz sensor sensitivity is obviously desirable, by perfecting the design, fabrication and 

functional modification, which could improve the sensitivity of THz detection to eventually 

distinguish all the different kinds of FAs, thus finally achieve label-free detection of FAs. In 

follow-up studies, we will also attempt to use a variety of spectral methods to identify fatty acids 

with different saturation and conformation. 
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Highlights 
 

• Application of THz TDS on metamaterial biosensors to detect the FAs of different 
double-bond numbers and positional isomers  

• Dielectric constants were measured to aid the verification of the relationship the dielectric 
constants of the FAs and the offset of the resonant peaks 

• The FAs were attempted to be identified by Raman spectroscopy, which was difficult to 
accomplish unambiguously because of the effect of fluorescence  
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