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ABSTRACT

We performed the transmission-mode terahertz (THz) pulsed spectroscopy of several THz-wave penetration-
enhancing agents (PEAs): glycerol, propylene glycol, ethylene glycol, and polyethylene glycol, featuring the
molecular weight of 200, 300 and 400. We vacuumized the THz beam path in order to reduce an impact of
water vapor on measured data. We reconstructed optical properties and dielectric constants of the abovemen-
tioned PEAs in the spectral range of 0.1 to 2.5 THz. We analyzed measured THz optical properties along with
the literature data for coefficients of PEAs’ diffusion into tissues in order to objectively uncover strength and
weaknesses of their use in the immersion optical clearing of tissues at THz frequencies.

Keywords: terahertz technology, terahertz biophotonics, terahertz pulsed spectroscopy, optical properties,
dielectric constants, immersion optical clearing of tissues, THz-wave penetration-enhancing agents.

1. INTRODUCTION

Recently, methods of THz pulsed spectroscopy and imaging have attracted considerable attention in label-free
diagnosis of malignancies with different localization and nosology.1–4 Particularly, a potential of THz technologies
in early noninvasive and intraoperative diagnosis of skin and mucosa cancers,5–9 least-invasive and intraoperative
diagnosis of colon cancers,10–13 and intraoperative diagnosis of tumors of the breast14–16 and the brain17–20 was
experimentally demonstrated using THz spectroscopy and imaging of tissues ex vivo or in vivo. THz pulsed
spectroscopy and imaging are among the most widely-applied instruments of THz biophotonics, thanks to an
ability for detecting amplitude and phase information about the object response to the applied electromagnetic
field in a wide spectral range as a result of a single measurement. Several prototypes of ergonomic, portable and
even hand-held devices for medical diagnosis have been developed relying on the principles of the THz pulsed
spectroscopy.21,22

Despite the attractiveness of THz technology in medical diagnosis, several problems still restrict their transfer
to clinical practice; among them:
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• high-cost and cumbersomeness of THz instruments;3

• absence of both hard waveguides and flexible fibers, which are capable for THz-wave delivery to hardly-
accessible tissues and internal organs;23–25

• limited spatial resolution of THz spectroscopy and imaging, which prevents accurate delineation of pathol-
ogy margins;26–28

• strong THz-wave absorption by free and bound water, which limits the THz-wave penetration into tissues
by hundreds of microns and, thus, yields probing only superficial features of tissues.3

It would take significant research and engineering efforts to solve all the abovementioned problems, meanwhile,
in this paper, we would focus on the last one.

Recently, several approaches for reducing the THz-wave absorption in tissues have been introduced:

• tissue freezing;29,30

• dehydration;31

• paraffin-embedding;18

• lyophilization;32

• immersion optical clearing (IOC).33–38

Tissue freezing, dehydration, paraffin-embedding and lyophilization are rather time-consuming, require difficult
preparations, and predominantly could not be applied in vivo. Furthermore, some of these techniques result in
structural changes in tissues during long term exposure. In turn, IOC, which was first introduced in optical
range39–41 and then transferred to THz domain,33–38 demonstrates rather prominent results. It relies on appli-
cation of specific chemical THz-wave penetration-enhancing agents (THz-PEAs), which interact with tissues ex
vivo or in vivo and change their optical properties. In optical range, PEA allows for changing the dielectric con-
trast and extinction coefficient; while, in THz range, it partially substitutes water in tissues, leading to decrease
of effective refractive index and absorption coefficient. PEA should be characterised by hyperosmotic status,
high diffusion coefficient, and low THz wave absorption. Nevertheless, the lack of data about the THz optical
properties of various THz-PEAs does not allow to select the optimal one for applications in THz biophotonics.

In order to mitigate the problem posed by IOC application in the THz range, in this paper, we perform the
transmission-mode terahertz (THz) pulsed spectroscopy of several THz-PEAs; among them: glycerol, propylene
glycol (PG), ethylene glycol (EG), and polyethylene glycol (PEG) featuring the molecular weight of 200, 300
and 400. We studied optical properties and dielectric constants of these THz-PEAs in the frequency range of 0.1
to 2.5 THz. We analyzed thus measured THz optical properties along with the literature data for coefficients
of THz-PEAs’ diffusion into tissues. These allows us to objectively uncover strength and weaknesses of these
THz-PEAs in the THz IOC of tissues.

2. MATERIALS AND METHODS

2.1 Penetration-enhancing agents

In this study, we used the following set of THz-PEAs without purification:

• glycerol from SpektrChem, Russia;

• PG from Chemical Line, Russia;

• EG from SpektrChem, Russia;

• PEG 200 from Nizhnekamskneftekhim, Russia;

• PEG 300 from Sigma-Aldrich, Germany;

• PEG 400 from Nizhnekamskneftekhim, Russia.
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Figure 1. A scheme of the sample chamber and the cuvette for THz pulsed spectroscopy of liquids.

2.2 Experimental setup

In order to study THz-PEAs, we use original THz pulsed spectrometer with LT-GaAs photoconductive antennas
and vacuum-capable sample chamber. It operates in transmission mode in the frequency-range of 0.1 to 4.0 THz
(when the THz beam path is empty) with the maximal spectral resolution of about 0.015 THz. A scheme of
the THz beam path is shown in Fig. 1. When operating with a cuvette for measurements of liquids, the setup
provides the spectral operation range of about 0.25 to 2.5 THz due to the THz beam diffraction at the aperture
of the sample cuvette, Fresnel losses at its interfaces, as well as THz beam absorption in the volume of media. We
use a pair of off-axis parabolic mirrors (OAPM) to focus the THz beam on the sample cuvette and to collimate
it after interaction with the sample. In the present work, THz measurements were performed in a vacuum in
order to reduce an impact of water vapor absorption on measured data.

As shown in Fig. 1, our sample cuvette is comprised of two windows made of high-resistivity float-zone silicon
(HRFZ-Si). Between these windows, we place a THz-PEA layer and a spacer; the latter allows for controlling
the thickness of the THz-PEA layer. This sample cuvette and the principles of its operation are described in
details in Ref.38

2.3 Reconstruction of optical properties

We use a procedure of the THz optical properties reconstruction, which is quite similar to that employed in our
previous study.38 In order to reconstruct the optical properties, we detect reference and sample waveforms of
the THz pulsed spectrometer. The reference waveform corresponds to the THz pulse propagating through the
sample cuvette with the HRFZ-Si windows placed close to each other – i.e. without the THz-PEA layer and
spacer between them; while the sample waveform corresponds to the THz pulse propagating through the cuvette,
between the HRFZ-Si windows of which the THz-PEA layer and spacer are trapped.

The HRFZ-Si windows feature considerably larger optical thickness than that of the THz-PEA layer. This feature
allows us to filter out a contribution of the satellite pulses, originated owing to multiple THz-wave reflections in
the HRFZ-Si windows, from the waveforms of the THz pulsed spectrometer. For this aim, we use the time-domain
Tukey apodization (window filter).42

The reconstruction procedure is based on the minimization of vector error functional:

ñs = argminñs
[Φ] , Φ =

 ∣∣∣|H̃exp| − |H̃th|
∣∣∣∣∣∣φ [H̃exp

]
− φ

[
H̃th

]∣∣∣
 , (1)

where H̃th and H̃exp are frequency-dependent theoretical and experimental transfer functions,

ñ = n′ − in′′ ≡ n− i c0
4πν

α (2)
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is the complex frequency-dependent refractive index of the sample (here, n ≡ n′ and n′′ stand for the real and
imaginary parts of the complex refractive index, α is the frequency-dependent intensity absorption coefficient,
and c0 is the speed of light in free space); | . . . | and φ(. . .) stand for the modulus and the phase operators. Notice,
the complex refractive index is related to the complex dielectric permittivity as follows

ε̃ = ε′ − ε′′ ≡ ñ2, (3)

where ε′ and ε′′ are real and imaginary parts of the complex dielectric permittivity.

The experimental transfer function is defined based on the measured sample Es (t) and reference Er (t) waveforms

H̃exp =
Ft [Es (t)]

Ft [Er (t)]
=
Ẽs (ν)

Ẽr (ν)
, (4)

where Ft [. . .] is the direct Fourier transform operator. The theoretical transfer function describes propagation
of the reference and sample pulses through the layered media including the THz beam splitting at the interfaces,
as well as its phase delays in bulk media; it is defined as follows

H̃th = T̃1,2T̃2,1
P̃2(l2)

P̃0(l2)

N∑
j=0

(P̃2(l2)R̃2,1)2j , (5)

where indices 0, 1 and 2 stand for the free space, HRFZ-Si and THz-PEA media, respectively.

The THz-wave interaction with the interfaces of the sample cuvette is described by the Fresnel formulas for the
normal incidence; they define transmission and reflection of the THz wave at the interface between mth and kth

media:

T̃m,k =
2ñm

ñm + ñk
, R̃m,k =

ñm − ñk
ñm + ñk

, (6)

where ñm and ñk stand for the complex refractive indices of the two media. In turn, the modified Bouguer-
Lambert-Beer law describes the phase delay and absorption of THz wave in a qth medium

P̃ (ñq, lq) = exp

(
−i2πν

c
ñqlq

)
, (7)

where ñq and lq stand for the complex refractive index and the length of this medium. Notice, the complex
refractive indices of the free space ñ0 and HRFZ-Si ñ1, and the equal thickness of the reference windows l1 are
known a priori ; while the complex refractive index of THz-PEA ñ ≡ ñ2 is determined via Eq. (1).

3. RESULTS

We applied the described method for studying the THz optical properties of the abovementioned THz-PEAs. In
Fig. 2, we show the optical properties of all considered THz-PEAs in the frequency range of 0.2 and 2.5 THz. For
each of the considered THz-PEAs, we measured the THz response of samples with different thickness, ranging
between 80 and 500 µm. This yields selection of the optimal thickness, providing simultaneously a broadband
transmission of the sample and an appropriate sensitivity of measurements in the entire frequency range. In
Fig. 2, we show the error bars representing the maximal possible errors within the considered spectral range;
this error is assumed to be equal for all examined THz-PEAs. In this figure, we also show, in yellow, the low
frequency range between 0.2 and 0.25 THz, where distortions of the data due to diffraction effects are expected.
The obtained results are in a good agreement with our previous data,38 measured in a less broad spectral range
using the THz pulsed spectrometer without vacuumization of the THz beam path. From Fig. 2, we notice
that the lowest THz-wave absorption is observed for PEG 300 and PEG 400, making them promising potential
candidates for tissue IOC at THz frequencies from the viewpoint of THz-wave penetration depth enhancement.

At the same time, for selection of the optimal THz-PEAs, it is important to take into account their diffusion
coefficients D for various types of biological tissues and organs – namely, larger D would provide faster diffusion
process, reducing the duration of IOC procedure.41 In order to simultaneously account the THz-wave absorption
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Figure 2. Optical properties and dielectric constants of the considered THz-PEAs in the frequency range between 0.2 and
2.5 THz. The error bars represent 3σ confidential interval of measurements. At low frequencies, we show, in yellow, the
spectral range where we could expect distortions of the data caused by the THz-beam diffraction on the cuvette aperture.

coefficient and diffusion coefficients, we take D from the well-known literature data. Particularly, from the
Refs.,36,41,43–47 we can find D for all considered THz-PEAs, except PEG 200, for various types of biological
media exposed to IOC. Then, the coefficient of PEG 200 diffusion in water was calculated relying on the following
equation from the Ref.48

D0 (Mw) = 7× 10−9M−0.46w . (8)

In Table 1, we summarized the literature data on THz-PEA diffusion coefficients. In Fig. 3, we show diagrams
illustrating the data on THz-wave absorption coefficients and diffusion coefficients of THz-PEAs in various
biological tissues: (a), (b), and (c) correspond to THz-PEAs’ diffusion in water, rat skin, and muscles ex vivo,
correspondingly. In these diagrams, the horizontal axis represents D, while the vertical axis represents α at

Table 1. THz-PEA diffusion coefficients in water, rat skin, and muscles ex vivo.

Tissue PEA
-6 2Diffusion coefficient ×10 , cm  /s

PEG 200
PEG 300
PEG 400

PG
EG

5.08

9.30

1.830 ± 2.220

Ref.

[44]
Eq. (7) [48]

[44]Water

6.12

1.700 ± 1.470
0.135 ± 0.095
3.230 ± 2.210

2.00

12.30
4.45

12.20

PEG 300
PEG 400

PG
Glycerol

Rat skin
ex vivo

PG
2.90

Muscle tissue
ex vivo

[46]

[41]
[41]
[41]
[41]

[43]

[36]
[36]

[45]

Glycerol

Glycerol

EG [47]0.46
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Figure 3. A comparison of THz-PEAs based on the measured THz wave absorption coefficient α at 1.5 THz and the
literature data on coefficients D of their diffusion (a) in water, (b) in rat skin tissues ex vivo, and (c) in muscle tissues ex
vivo. In (a) and (b), the markers for EG and PEG featuring different molecular weight are connected with gray solid line
for clarity.

1.5 THz; here, for simplicity, we considered α at the particular frequency.

From Fig. 3, we observe that despite PEG 300 and PEG 400 are characterized with the lowest THz-wave
absorption (among the considered THz-PEAs), they also feature low diffusion coefficients, which could make
their use for IOC of tissues sub-optimal due to long terms of clearing procedure. In turn, despite EG possesses
high diffusion coefficient (in water), it feature the highest THz-wave absorption (among the considered THz-
PEAs) and low diffusion rate in rat muscle,47 results in non-attractive usage of this THz-PEA use in IOC of
tissues at THz frequencies. As compared to PEG 300 and PEG 400, the THz-wave absorption coefficients
of PG and glycerol is 20–30% higher, while their diffusion coefficients are several times higher; thus, PG and
glycerol could be applied for IOC of tissues at THz frequencies for achieving a compromise between the THz-wave
penetration depth enhancement and the duration of clearing procedure.

It is important to notice that, in Table 1 and Fig. 3, we present a literature data for predominantly the effective
diffusion coefficients of the THz-PEAs in tissue, which has the intermediate value between the diffusion coefficients
of pure agent (slow process) and of water (fast process). In turn, the considered diffusion coefficient of EG in
muscle ex vivo (0.46 × 10−6 cm2/s) corresponds to that of pure THz-PEA47 (therefore, it is lower than that of
other THz-PEAs), while the corresponding diffusion coefficient of water in Ref.47 is 3.12 × 10−6 cm2/s. Since
water is a dominant absorber of THz radiation in tissues,3 and its diffusion coefficient seems to be more important
parameter for the THz-wave penetration depth enhancement, in future studies, it would be optimal to perform
separate analysis of diffusion coefficients for pure THz-PEA and water, paying significant attention to behaviour
of water during clearing process.

Evidently, the considered approach for selection of optical THz-PEA for IOC of tissues at THz frequencies reveals
an interplay between the THz-wave penetration enhancement and the duration of clearing process. Depending
on the particular application of IOC in THz biophotonics, one could select different THz-PEAs (or even their
mixtures) in order to achieve the desired performance. Finally, we should stress that, in this study, we considered
a limited number of THz-PEAs, as well as few types of biological tissues. Therefore, a full-blown study, involving
the use of larger amount of THz-PEAs and different biological objects (both ex vivo and in vivo) is required in
order to analyze potential of IOC in THz range, as well as to select optimal THz-PEAs for particular applications
of THz technology.

4. CONCLUSIONS

In this paper, we have studied the THz optical properties and dielectric constants of different THz-PEAs (glycerol,
PG, EG, PEG 200, PEG 300, PEG 400) using the THz pulsed spectroscopy. We analyzed thus measured THz
optical properties simultaneously with the literature data for coefficients of THz-PEAs’ diffusion in biological
tissues. The observed results allows us for selecting optimal THz-PEAs (among the considered ones) for IOC of
tissues in the THz range.
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