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ABSTRACT

Application of terahertz (THz) spectroscopy for biological tissues is strongly limited by the extremely low pen-
etration depth due to THz absorption by tissue water. One of the possible solution of such problem is the
usage of THz wave penetration-enhancing agents (PEA) for optical clearing of tissues. In the present paper,
the transmission-mode THz spectroscopy of a set of PEAs (polyethylene glycol with different molecular weight,
propylene glycol, ethylene glycol, and dimethyl sulfoxide) was performed in order to reconstruct their dielectric
properties and compare them with that of water. The obtained results emphasize the feasibility of using PEG
to enhance the depth of THz wave penetration into tissues.
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1. INTRODUCTION

During the past decades, terahertz (THz) spectroscopy was intensively studied as a novel method of non-invasive,
least-invasive and intraoperative label-free diagnosis of malignancies in different localizations, including the
skin,' ™ the oral,® the liver,® the gastric,”® the colon? ' and the breast.'>"'” Having a keen sensitivity to water
content, THz spectroscopy employs it for detection of malignant tissues.!® 22 At the same time, strong THz
wave absorption by water forms an essential drawback of THz diagnosis — small penetration depth into tissues
featuring high water content; thus, THz waves could be used for probing of only the superficial properties of
tissues.??

Several approaches are used for reducing the THz water absorption in tissues. Among them are tissue freez-
ing,24 26 dehydration by heating,?” formalin fixing,?® paraffin-embedding,?% 2?3 and lyophilization.?? However,
these techniques are time-consuming, need difficult preparations, and predominantly could not be applied in vivo.
Furthermore, some of them also result in significant structural changes in biotissues under the long-term expo-
sure. Another technique, which demonstrates rather prominent results, is the immersion optical clearing.26:33-44

Further author information:

Guzel R. Musina, E-mail: guzel-musinal2@mail.ru;
Kirill M. Malakhov, E-mail: k.m.malakhov@yandex.ru;
Kirill I. Zaytsev, E-mail: kirzay@gmail.com

Millimetre Wave and Terahertz Sensors and Technology XI, edited by Neil A. Salmon,
Frank Gumbmann, Proc. of SPIE Vol. 10800, 108000F - © 2018 SPIE
CCC code: 0277-786X/18/$18 - doi: 10.1117/12.2324473

Proc. of SPIE Vol. 10800 108000F-1

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 17 Jun 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



It is based on the application of specific chemical penetration-enhancing agents (PEA), such as polyethylene
glycol. These agents interact with tissues and change their optical properties. In optical range, this leads to
changes of dielectric contrast and extinction coefficient; in THz range — changes of water content and, accordingly,
of refractive index. These agents should be characterised by hyperosmotic status, high diffusion coefficient, and
low THz wave absorption. Nevertheless, the lack of data about the dielectric properties of various PEAs does
not allow for selection the optimal one for THz applications and retards the use of immersion optical clearing
techniques in THz range.

In the present paper, THz time-domain spectroscopy was applied to investigate a set of PEA, i.e. polyethylene
glycol (PEG) with the molecular weight 200, 300, 400, biochemical grade (BC) PEG with the molecular weight
400, propylene glycol (PG), ethylene glycol (EG), and dimethyl sulfoxide (DMSO).!?*> The obtained results
emphasize the potential of using immersion optical clearing for improvement of the penetration depth of THz
radiation.

2. MATERIALS AND METHODS
2.1 Penetration enhancing agents

In the experimental studies we used initial solutions of the following agents without further purification and
dissolution:

e PEG with the molecular weight 200, 300, 400 (PEG 200, Nizhnekamskneftekhim, Russia; PEG 300, Sigma-
Aldrich, Germany; PEG 400, Nizhnekamskneftekhim, Russia);

biochemical grade PEG solution with the molecular weight 400 (PEG 400 (BC) AppliChem, Germany);
e DMSO (SpektrChem, Russia);

EG (SpektrChem, Russia);
e PG (Chemical Line Co. Ltd, Russia).

2.2 Experimental setup

The applied THz time-domain spectrometer (TDS) operates in the transmission mode within the range from 0.1
to 2.0 THz with maximal spectral resolution ~ 0.015 THz. LT-GaAs photoconductive antennas were employed
for THz emission and detection. The femtosecond laser Toptica FErb780 was used for both antenna-emitter
pumping and antenna-detector probing.

The TDS was equipped with the developed cuvette for measuring THz transmission properties of the listed
liquid agents (see Fig. 1). It consisted of two metal parts, i.e. housing and lid, which were joined together by
6 tightening screws. Two high-resistivity float-zone silicon (HRFZ-Si) windows of thickness 2 mm were placed
inside the cuvette; PEA layer was fixed between them via the thin polyethylene (PE) gasket. The bottom
window was glued to the bottom of cuvette housing. Rubber gasket was placed between the upper window and
the cuvette lid for exclude agent displacement. After each measurement, the cuvette was disassembled, cleaned
by water and dried; and in the case of overly viscous agents, it was cleaned in the ultrasonic bath Elmasonic
S30H (Elma Schmidbauer GmbH, Germany). Finally, HRFZ-Si windows were rinsed by deionized water.

2.3 Material parameters reconstruction

The reconstruction of the THz dielectric properties of PEA was performed based on the two time-domain signals
of the TDS — the sample and the reference waveforms.!?>4> For the first one, PEA was placed between HRFZ-
Si windows (see Fiq. 1 (a)); for the second one, agent layer was removed and THz radiation transmitted only
through two closed windows (see Fiq. 1 (b)). The thickness and refractive index of HRFZ-Si windows were known
a priori, being incomparably higher than those of the considered agents. We ignored the interference in HRFZ-
Si windows for the reconstruction procedure, while the Tukey apodization (time-domain window filtration) was
applied in order to filter out a contribution of satellite pulses, caused by multiple THz wave interference in a
HRFZ-Si windows.
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Figure 1. The developed cuvette for measuring PEA agents in two positions; (a) detection of sample waveform; (b)
detection of reference waveform; (c) 3D view of the cuvette.

The received waveforms were used further in the material reconstruction algorithm, which is based on the
minimization of the vector error functional

_( [Hexp| = [Him(n)||
n) = ( |£[Hexp) — Z[ch(")]> N

where Hyn (n) and Hexp are the theoretical and experimental frequency-dependent transfer functions, n = n/—in”
is the complex frequency-dependent refractive index corresponding to dielectric permittivity ¢ = &’ — ie” as
e =n?, n" = ac/4dnv, where « is the frequency-dependent intensity absorption coefficient and c is the speed of
light in vacuum; operators |...| and Z[...] denote the modulus and the phase of the argument, respectively. The

experimental transfer function relies on the measured waveforms

Hexp - g[Es]/&[Er] (2)

where F[E;] and F[Fs] stand for the Fourier spectra of the reference and sample waveforms, respectively. The
theoretical transfer function of THz pulse assumes ignorance of interference in the reference windows, and is
presented as

N
Hiy, = [Th 21,1/ Po(l2)] Z(P2(12)R2’1)2j+1 -
=0

J

where indices 0, 1 and 2 stand for air, HRFZ-Si and PEA, respectively; T', R, P are the frequency-dependent
complex amplitude transmittance, reflectance and propagation operators, respectively; [ is the thickness of
material. Supposing the normal incidence of the plane THz electromagnetic wave on the window, THz pulse
amplitude reflection and transmission at the interface between m?* and k*"* media, as well as its phase delay and
attenuation during propagation through ¢** bulk medium can be described by means of the Fresnel formulas
and the Bouguer-Lambert-Beer law

Ry = — X (4)
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Figure 2. Results of the THz spectroscopy of the considered PEAs with thickness | comparing to water (lines); referent
data of the previously measured materials (markers); error range (indicated with gray color) represent 3o, here o stands for
a standard deviation of measurements. Measurement conditions include room temperature and humidity, hence, typical
spectral attributes connected with humidity oscillations are clearly visible. Blue region indicates the spectral range, where
the reconstructed dielectric properties could be affected by the distortions due to the THz beam diffraction on the cuvette
aperture.

2nm
Tpyx = ——ro 5
S (5)
2
P(ng,ly) = exp <i7wnqlq> (6)
c

where indices m, k,q = 0,1,2 correspond to the air, HRFZ-Si and PEA, respectively. The complex refractive
indices of the air ng, HRFZ-Si ny, PEA ng, and the thickness of the reference windows [; are known a priori.

3. RESULTS

Figure 2 shows the experimental results for the considered agents and water, obtained according to the afore-
mentioned procedure. The dielectric properties were reconstructed in the frequency range from 0.1 to 2 THz.
Blue region indicates the spectral range, where the reconstructed dielectric properties could be affected by the
distortions due to the THz beam diffraction on the cuvette aperture. The reproducibility of the experimental
data and the fluctuations of the THz response were examined by considering different thickness of the sample
solutions. As shown in Fig. 2, the observed results agree well with the previously-reported data.?% 4647

The results of spectroscopic measurements of various PEAs demonstrate that the lowest absorption in the wide
THz spectral range belongs to the polymer group, i.e. PEG agents; thus, they seem to be potential candidates
for optical clearing of tissues in THz applications. Nevertheless, the more detailed analysis should account a
particular biotissue and THz frequencies, as well as the diffusion velocity and PEAs noninvasiveness, in order to
select the optimal optical clearing protocol.

Proc. of SPIE Vol. 10800 108000F-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 17 Jun 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



4. CONCLUSIONS

In this paper, we have demonstrated the results of the THz spectroscopy of the clearing agents PEG 200, 300, 400,
PG, ethylene glycol, and DMSO. We used THz time-domain spectrometer for the experimental measurements
and compared the estimated dielectric properties with the ones of water. The obtained results show the decreased
refractive index and absorption coefficient of the polymer clearing agents compared to the PG, EG, and DMSO
agents in a wideband THz range. These results highlight the advantage of usage the polymer PEAs to improve
penetration depth of THz radiation.
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