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Abstract: A rapid method for detecting fatty acids (FAsingsterahertz time-domain spectroscopy
(THz-TDS) technology combined with a metamateriaddd THz sensor was developed. We
measured the THz responses to oleic acid, lin@eid anda-linoleic acid with different numbers

of double-bondo-linoleic acid andy-linoleic acid with different conformations. In atdn, in
order to explore the reason for the observed rédsti the resonance frequencies of the four FAs,
the dielectric constants of the FAs were measunetthé THz region. Furthermore, the four fatty
acids were also attempted to be identified by Rampactroscopy, which was difficult to
accomplish unambiguously because of the effecluofréscence. This result thus demonstrates the
power and usefulness of metamaterial-assisted TbR&-if the rapid determination of the FAs, and
its potential as a versatile tool for investigatiohbiological metabolism, and for food product

guality, safety inspection and control.
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I ntroduction

Fatty acids (FAs) are widely distributed in natarel are as important as nutritional substances and
metabolites in living organisms. FAs play essentiés in biological tissues and as constituents of
lipids in biological membranes influence their peapes such as fluidity, integrity and the actei

of membrane-bound enzymes [1]. Fatty acids arellysanalyzed by gas chromatography-mass
spectrometry (GC-MS) with derivatization [2] andk aputinely identified by comparing retention
index (equivalent chain length, ECL [3] ) with tleosf the authentic fatty acid methyl esters

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

Many kinds of fatty acids play an important roletrace levels of the regulation of a variety of

physiological and biological functions. Most fatigids show neither natural absorption in the
visible and UV regions nor fluorescence, thus tdetection at trace levels using absorptiometry is
fairly difficult if not impossible [7]. Their biolgical activities depend greatly on the number,
geometry, and arrangement of double bonds [8]. tDuke importance of the location of the double
bonds in unsaturated long-chain fatty acids (pmsé#i isomers), they have been studied by using
fast atom bombardment (FAB) MS—-MS , and electrogspamization (ESI) MS techniques in

various fatty acids [9].

In recent years, THz spectroscopy has emergedpasnaising technique that enables label-free,
noncontact, and non-destructive inspection of chalmand biological substances [10-19]. THz
detection of FAs has shown a great deal of advastadile avoiding the usual significant loss of
THz wave transmission in other biological matterdued with water. Several sharp peaks were
observed for saturated crystallized fatty acids, [20], and unsaturated crystallized fatty acids
showed two distinct peaks (at 247 and 328 msignifying that the carboxylic group THz

absorbance of fatty acids was concentration-depegnf2?]. However, for non-crystallized

materials, their terahertz absorption spectra &sndeatureless which makes it hard to identify a

material with good specificity.



Metamaterials consist of periodically arranged,-salvelength metallic and/or dielectric elements
and are designed to exhibit unique electromagmetperties such as negative refraction [23, 24],
sub-diffraction limited focusing [25-27], and claag [28, 29]. In addition, metamaterials with gap
structures are endowed with strongly localized amldanced fields, enabling sensitive detection of
minute amounts of chemical and biological substan@9-36]. A well-designed metamaterial
sensor would be so extraordinarily sensitive tosiiestance deposited over its surface, that itdcoul
provide a feasible approach to detect fatty aciidls an extremely thin layer. Similar metamaterial
sensors have been used to quantitatively analyate SA solution [37] and to track the loss of

extracellular and intracellular water [38].

In this work, we performed THz TDS on THz metamialesensors for high-speed detection of FAs
of different double-bond numbers (Oleic acid, Igiolacid,a-linoleic acid) and positional isomers
(o-linoleic acid, y-linoleic acid). We measured frequency shifts ire tinductive-capacitive
resonance following the deposition of FAs (Oleidatnoleic acid,a-linoleic acid,y-linoleic acid)
with very low surface density. The resonance fregyeshift in the specifically designed THz
metamaterial was studied as a function of the gWedielectric constant, which was found to be
consistent and in quantitative correlation with thelectric constant measurements of individual
FAs. In addition, the four kinds of fatty acids wetetected by Raman spectroscopy. It was found
that the Raman signal of linolenic acid could netdbtained simply because of the influence of

fluorescence.

M aterials and methods

Sample preparation

The THz sensor composed of metallic square arrbffgeosquare rings with two micro-gaps in the
ring was fabricated by the conventional photo-ligtaphy technique on a high resistance silicon (Si)
substrate with the thickness of 4. 20 nm thick Chromium (Cr) and 200 nm thick gofdi)

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



resonator (SRR) structure with a period of |68, gap size of 2.um, linewidth of 2um, and

line-length of 5Qum, as depicted in Fig. 1.

1 [0

Fig.1 Structural schematic of the metamaterial @efde figure shows two adjacent elements

of the 150 by 150 array of concentric gapped squags on the sensor chip. Scale barugs

Oleic acid, linoleic acidgo-linoleic acid andy-linoleic acid were purchased from Sigma, with
schematic diagram of chemical structures shownign Z The sample (iL) was dropped on the
cleaned surface of the THz sensor, and then caatedly on the surface with the sample using a
spin coater prior to experiments. After THz-TDS sw@ament of one sample, The THz sensor
coated with the FAs was washed by ethanol and-piira water and then dried by nitrogen before
switching to other samples. The same thickneseetamples was ensured by the same amount of

samples deposited on the sensor surface.
O

CH3(CH2)sCH2/:\/\/\/\)J\OH Oleic acid
@]

CHS(CHz)SCHg/:\/:\/\/\/\)J\OH Linoleic acid
0}

3 CHg(CH2)5CH2JLOH a- Linolenic acid

]

CHa(CHZ)acHz\Z/\:/\:/\/\)LOH y- Linolenic acid

Fig. 2 Chemical structures of the tested FAs.
THz spectroscopy measurement
THz transmission spectra were measured by emplayicgmmercial THz-TDS system (Advanced

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



central wavelength of 1064 nm, a repetition ratd@® MHz, and pulse duration of <100 fs; The
beam was divided into two parts by a polarizingrbesplitter, one as the probe beam, directly
irradiating on the photoconductive antenna (PCAptlaer as the pump light gathering on another
PCA that had been biased electrically to generbte rdiation, with an average power of 130 nW,
which was focused on and penetrated the metamatéha THz signals irradiated on the second

PCA were sampled discretely by the probe lightdguire the time-domain waveforms.

THz time-domain waveforms of the THz sensor covesiti FAs were acquired under the same
experimental conditions, at room temperature o£2&nd a relative humidity of 3%, maintained
by the purge of nitrogen gas. Triplicates were pam sample. An average THz time-domain

waveforms of each fatty acid was obtained in tl@etd 2.0 THz band.

First, the dielectric constants of four fatty acidsere measured by terahertz transmission
spectroscopy to aid the verification of the relasibip between the dielectric constants and THz
time-domain waveforms detected by terahertz contbiwgh metamaterial sensor. Each sample
solution (about 7iL) is respectively injected into a liquid sampldlsewhich has a diameter of 9
mm, thickness of 0.12 mm, featuring two plasticlyRioyl Chloride) slide windows sandwiching a
Secure-Seal spacer. The cells are prepared fdotiné-As (Oleic acid, linoleic acidi-linoleic acid,
y-linoleic acid). The same sample cell with fixedckmess and diameter is used for each sample
and is disposable after use. THz transmission spetthe FAs in the sample cells were collected.
Triplicates were run per sample. An average digtecbnstant of each fatty acid was calculated in

the THz region.

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

_ |(Ps(w)_§0ref(w)|-c
Q) n(w) = — + 1,

where ¢,(w), ¢..r(w) are the phase angles of the Fourier transformsthef power
transmissions of the FA samplg &and the power transmissions of the referencel{lduek sample

cell), ler, respectively, ana is the light speed and is the angular frequency. To derive the



dielectric constant, the extinction coefficiemt(w), was obtained first, as,

_ 1in(w) <
@ (@) = n [l

where p(w) is the amplitude ratio of the Fourier transfornisloand Je. The absorption
coefficient of the FAsa, is deducted as

3) a(w) = 2wk (w)/c,

and the complex dielectric constad(,w), is expressed as

4) é(w) = [n(w) + ik(W)]? = & + igy,

where g;and €, are the real part and the imaginary part of tleéediric constant, respectively.

Raman spectr oscopy measur ement

Raman spectra were measured by employing a Renishd&v Raman spectrometer which was
made in UK. In order to reduce the background efRaman spectra, the 10 FAs were dripped

on the surface of Mgk In this experiment, the wavelength of the exmtalaser is 532 nm. The
system was calibrated with a small piece of cléizpa whose peak is located at 520.5thefore
measuring the Raman spectra. Three different lmeaton each FAs were measured to obtain an
average spectrum for each sample under the saneeimegntal conditions. The temperature wa¥"25
and the humidity was 52% in the laboratory. Thedife frequency region ranged from 100 to

3200 cn.

Results and discussion
THz detection of FAs

The average THz transmission spectra for the TiHg@ecovered with four FAs are shown in Fig. 3.
A series of resonant frequencies have been obseavebithe THz transmission spectrum of the
blank dry THz sensor was obtained as a referenth, the resonant frequency of 1.3875 THz.

Obviously, compared with the blank THz sensor, theonant frequencies of the samples were
redshifted. The amounts of shifts for three repregee resonant frequencies were 87.5 GHz,

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



fundamental mode of the SRR as that of an LC @goill with a resonant frequency given by
Q=1/VJLC, where L and C are the equivalent inductance and capacitancehef SRR.
Consequently the redshift can be explained by Haage of capacitance in the gap area, which is
proportional to the effective dielectric constaApparently, the FAs attached to the THz sensor

cause the effective dielectric constant to incregesailting in the redshift of the resonant frequen

Standard SPR theory predicts a one-to-one correlgnae between the resonant frequency and the
effective dielectric constant, based on which wa canclude that there exists three different
dielectric constants, corresponding to the threasmeed resonant frequencies. Oleic acid is an
eighteen carbon fatty acid with one double-bonabl&ic acid with two double-bonds;linoleic

acid andy-linoleic acid are positional isomers with threaidle-bonds. Thus the observed different
resonant frequencies might be used to charactéheenumber, geometry and arrangement of

double bonds in the THz range.

To further explore the reason for the three kinfleedshifts, we measured the dielectric constants
of the FAs in the THz region, as shown in Fig.4e3éresults revealed that there were also several
different values of the dielectric constants, ofickhwe mainly focus on three real part of the
dielectric function here. We find that the realtpair the dielectric constants showed an increase
with increase in the redshifts of resonant frequeshm the THz range. Moreover, as noted before,
Oleic acid is fatty acid with one double-bond, Igio acid with two double-bond-linoleic acid

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

constant of these three fatty acids.

At the same time, we found that in the case ofidilcoacid (with two double-bond) andlinoleic

acid (with three double-bond), their resonant fesgties were nearly indistinguishable. Thus, the
experimental results suggested that there shousihfitar dielectric constants between linoleic acid
and o-linoleic acid. And dielectric constant measuremias suggested that the real part of the

dielectric function of linoleic acid anatlinoleic acid were indeed similar. Thus, we cont jump



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

number of double-bond in the THz range.

Additionally, it manifested that the dielectric aant ofy-linoleic acid was greater thanlinoleic
acid, based on the results that the resonant freguef y-linoleic acid (1.24375 THz) was lower
than that of-linoleic acid (1.275 THz) and the formulas menédrabove. It demonstrated that the
real part of the complex dielectric constant of mfes related to the conformation of the molecule.
Thus, we could draw a conclusion that when thenasbpeak is found at a specific frequency, it
indicates that the corresponding dielectric constavuld correlate with the conformation of the

sample.

To our knowledge there have been no reports ordifferences of complex dielectric constants
among the four FAs in the THz region. Due to thenplex dielectric constants of the FAs
influenced by the number, geometry and arrangert@ntformation) of double bonds, resonant
frequencies among the FAs were obviously differéhus THz-TDS combined with metamaterial
technology could sense the number, geometry andngement of double bonds, further
distinguishing the FAs. Meanwhile, as is commontpwkn, there are many kinds of fatty acids in
edible oils and in the body of animals and plamiBich can be distinguished by the THz-TDS
system through improved detection sensitivity byfgming the design, fabrication, and functional

modifications of the metamaterials.
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Fig. 4 Real part of the dielectric constants offfAs in the THz region.

Finite element method simulation

Based on the structural parameters of the metammlateentioned in the above part, the surface
electromagnetic field distribution of the metamitiewas simulated with the finite element method
(FEM). Additionally, the shifts of the resonanceduencies had also been calculated when the
dielectric constant of the model was varied frofd tb. 6.0. The FEM simulation was carried out

using a commercial software (COMSOL).

FEM simulation was carried out to predict the stefaelectromagnetic field distribution of the
metamaterial at the 1.3875 THz resonance frequgRray. 5). As can be seen, the surface
electromagnetic field distribution of the metamatelis concentrated in the outermost ring.

Therefore, the 1.3875 THz resonance was mainlyechlg the resonance of the outermost ring.

In order to predict the resonant peak changesshitited resonance frequencies had been calculated
(Fig. 6). The result showed that there was a gowht correlation between the dielectric constant
and the resonance frequency shifts. In additioe, ghift of resonance frequency could reach 20

GHz when the dielectric constant increased by Wlbch was similar with the shift of resonance



frequency observed in the experiment.
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Fig. 5 Simulated surface electromagnetic fieldribstion of the metamaterial at the 1.3875 THz

resonance frequency.
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Raman detection of FAS

Raman spectra of oleic acid and linoleic acid dfteseline calibration are shown in Fig. 7. Because
the fluorescence intensity produced dimoleic acid andy-linoleic acid is far greater than that of

the Raman scattering light, the characteristicsRaiman signal are concealed. The Raman
characteristic peaks of oleic acid and linoleicdaaie basically similar. So it can be concluded tha

it is difficult to directly distinguish the four fiy acids by Raman spectroscopy.
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Fig. 7 Raman spectra of oleic acid and linoleidaci

Conclusion

In conclusion, we have studied the dielectric festry responses of oleic acid, linoleic acid,
a-linoleic acid, andry-linoleic acid, employing a combination of THz-TD®&ith a SRR

metamaterial-based chip, and observed clear sinifthe resonant frequencies of the samples,
attributable to the different double-bond numbed @onformation of the FAs, due to inherent
changes in the dielectric constants in the gapsanédhe SRR. Thus, the THz SRR sensor chip
provides a potentially powerful approach to distiisp different FAs, because of the strong

sensitivity to the samples adhered to the surfacehe chip. However, within experimental



resolution there was no discernible difference he tesonant frequencies of linoleic acid and
a-linoleic acid. Although the two are similar in regllar structure, there was no apparent reason
for them to respond exactly the same way to THzatewh. We suspect that the difference, if there
is any, is small, and below our current systemlwg®m. Further improvement in THz technology
and THz sensor sensitivity is obviously desiraldy, perfecting the design, fabrication and
functional modification, which could improve thenséivity of THz detection to eventually
distinguish all the different kinds of FAs, thusdlly achieve label-free detection of FAs. In
follow-up studies, we will also attempt to use aiety 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



Declaration of I nterest Statement

There are no conflicts to declare.



