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Abstract: The attenuated total reflection spectroscopy system with the Si container attached
on the prism has been demonstrated as an efficient technique to obtain the dielectric properties
of living cells in the THz range. We proposed a method to determine the dielectric responses
of living cells based on the combination of the single-interface and two-interface ATR models
without cell thickness. The experimental results for living glial-like cells (PC12, SVG P12 and
HMO6) showed the dielectric responses in the THz region were related significantly to cell
number, intracellular fluid, and cell structure. Moreover, the glioma cells (C6 and U87) exhibited
different dielectric properties compared with the glial-like cells, which could be one reason for
the glioma tissue diagnosis using THz wave.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The dielectric properties of living cells are important parameters reflecting cell characteristics.
With the fast development of terahertz (THz) technology, the dielectric properties of living cells
in the THz region has attracted much attentions for important applications in cancer detection
and molecular biology [1–9]. The nervous system is built from two broad categories of cells,
neurons and glial cells. For living neurons, it has been proved that the THz wave could induce
the changes of membranes potential (MP) [10] and the growth of neurites of sensory ganglia
[11]. Additionally, the direct visualization of neuron swelling induced by temperature change
was measured by ionic contrast THz (ICT) imaging [12]. Glial cells are widely distributed
in the central and peripheral nervous system as supporting cells. They are integral functional
elements of the synapses, responding to neuronal activity and regulating synaptic transmission
and plasticity [13,14]. It has been confirmed that THz exposure with a certain intensity and
duration time can cause cell apoptosis [15], and has impact not only on glial cells but also on
other biological systems, such as bacteria and yeast [16]. However, the dielectric responses of
the living glial-like cells in the THz region has yet to be explored.
Terahertz time domain spectroscopy system (THz-TDS) has been widely used to detect the

spectral properties of different samples, like the refractive index and extinction coefficient.
Generally speaking, the transmission mode is preferred for cellular spectroscopy and imaging
due to its simplicity. Considering the strong absorption of THz wave by polar liquids, the culture
medium in which living cells survive was always removed completely from cell monolayer
[17]. Thus, the obtained dielectric responses in the THz region were for dehydrated cells, which
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cannot reflect the real characteristics of living cells. Attenuated total internal reflection (ATR)
mode has been proven more sensitive for measuring highly absorptive media compared with
transmission mode. It is an ideal tool to maintain the viability for cell monolayer. Considering
that the penetration depth of THz wave is greater than the thickness of cell monolayer, the
ATR spectroscopy combined with a two-interface model was applied in order to determine the
dielectric properties of living cells accurately [18]. In this scheme, the living cells were cultured
in a fluid culture medium on the surface of the ATR prism, where the cell monolayer was used as
layer sample and the liquid culture medium above the cell monolayer was used as bulk sample.
Based on two-interface model, the dielectric responses of cultured human cancer cells (DLD-1,
HEK293 and HeLa) [19], the permeabilization of living cells [20], the ratio of hydrating water
molecules in the living cells [21] and the dynamics of cell death [22] were detected. However,
there are still some problems with the above method. Firstly, due to biological diversity, the
experiment should be performed repeatedly many times. For each prism allowing only a kind of
cells to grow once, the experimental process is time-consuming obviously and the adjustment
errors will occur during the replacement of the prism. Secondly, in order to obtain the dielectric
properties of living cell monolayer, the thickness of living cell monolayer must be known for
the calculation. However, the thickness of living cell monolayer is always hard to be observed
accurately, which is on the order of micrometers. The slight error introduced by the cell thickness
would have a significant effect on the results of dielectric properties. Thus, there is a high demand
for the measurement of cell thickness.

In this paper, we designed reusable Si containers in the same specification to culture the living
cells on the bottom of the Si containers. The accuracy of the ATR spectroscopy system with
the Si containers attached onto the ATR prism closely was analyzed. The calculation method to
determine the dielectric responses of living cells was proposed based on the combination of the
single-interface and two-interface sample models. In experiment, the dielectric parameters of the
living glial-like cell monolayer were characterized accurately. The influence of cell number and
cell type on dielectric responses was investigated by THz-TDS system. Moreover, the glioma
cells showed different properties compared with the glial-like cells in the THz region. This
method will provide a perspective to characterize the living cells in details.

2. Experimental methods

2.1. Experimental setup

The THz time-domain ATR spectroscopy system (Advantest TAS7500) equipped with a high-
resistance Si prism was employed in this research, as shown in Fig. 1(a). The incident angle
(57 degree) provided the total internal reflection condition. To realize more measurements on
single prism and avoid the errors caused by the replacement of the Si prism, the Si containers
was designed as shown in Fig. 1(b), the material of which is same to the Si prism. The shape of
the containers was cylindrical, the bottom as well as the top was made of 0.5mm-thickness and
20mm-diameter polished Si wafer, and the side was made of aluminum. The living cells were
cultured in the Si containers instead of on the ATR prism. Meantime, the same size container
made of quartz was used to observe the cell status. Multiple measurements can be realized by
replacing with other Si containers in the same specification. Especially, the empty Si container
attached closely onto the ATR prism of the TDS spectrometer was used as the reference. In
fact, there was an air layer between the bottom of the Si container and the ATR prism, and the
thickness of the air-layer was determined by the pressure above the Si container and the surface
cleanliness of ATR prism and Si wafer.
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Fig. 1. The schematic illustration of the THz ATR spectroscopy system.

2.2. Sample preparation

The PC12, C6, SVG P12 and HMO6, U87 cells were chosen for the experimental measurement.
Neuron, glial cell, and glioma cell are three typical cells in the nervous system. The PC12 cell is
a widely used nerve cell line, which can reflect the characteristic of neuron in rat. The SVG P12
human astrocyte and the HMO6 human microglial are important components of the human glial
cell. The C6 rat glioma cell and the U87 human glioma cell were chosen to reveal the differences
between glioma cell and normal cell. All cell lines were obtained from BeNa Culture Collection
(BNCC, Germany). The PC12 cells were cultured in Roswell Park Memorial Institute 1640
medium (RPMI 1640, Gibco, Carlsbad, CA, USA) containing 10% fetal bovine serum (Gibco,
Carlsbad, CA, USA), while the C6, SVG P12 and HMO6 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, Carlsbad, CA, USA) containing 10% fetal bovine
serum (Gibco, Carlsbad, CA, USA), 100 U/mL penicillin and 100 U/mL streptomycin (HyClone
Laboratories, Utah, UT, USA). The U87 cells were cultured in DMEM/F12 medium (Gibco,
Carlsbad, CA, USA). All cells were cultured in an incubator (Thermo Electron Corporation,
USA) at a concentration of 5% carbon dioxide at 37℃. The culture medium was replaced every
3d until the cells reached 90% confluence. The cells were passaged by 0.25% trypsin (HyClone
Laboratories, Utah, UT, USA) for 2 mins at room temperature, seeded into the transparent quartz
containers and Si containers after calculating the amount of cells needed, and allowed to adhere
overnight. Here, the number of cells in the experiment was defined as the total quantity of cells
on the surface of a 20mm-diameter silicon wafer. On the following day, the culture medium was
replaced before the observation. The homogeneity, growth state and adhesion of cell monolayer
in the transparent quartz container was observed under the microscope. Figure 2 showed an
example of PC 12 cells with different cell numbers of 2.0×105, 3.0×105 and 4.0×105. We chose
cell monolayer with better growth state and homogeneity for THz measurement. To confirm the
level of cell confluency in the Si container, the cells were counted from the quartz container and
the Si container at the same time using cell counting chamber. For PC12 cells, the results of cell
counting in the quartz container and the Si container were 1.9×105/1.85×105, 3.0×105/2.95×105

and 3.8×105/3.95×105, while the original number of cells were 2.0×105, 3.0×105 and 4.0×105,
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respectively. The almost same numbers of cell in the two groups indicate the cells can be well
adhesive in the Si container.

Fig. 2. Microscopy photograph of PC12 cell monolayer with different number. (a) 2.0×105

(b) 3.0×105 (c) 4.0×105.

In order to confirm the repeatability of the results, all cells in the paper were cultured in
three Si containers to achieve multiple experiments. And each container with cells and culture
medium inside was measured for three times. The preliminary measurement results can be
obtained directly by the analysis module (TAS7500, Advantest). Then, statistical analyses were
conducted by calculating the values and the standard deviations of the results collected from
several measurements.

3. Principles

According to the propagation law of the evanescent wave, the reflection coefficient of prism-wafer
interface r12 can be expressed by

r12 = 1 − e±κd0 (1)

Here, d0 indicates the thickness of the air layer, and κ is the constant related to the wave
vector. Ideally, there is no air layer between Si prism and Si wafer, and r12=0. In this situation,
considering that the ATR prism is made of the same material as the Si wafer, all the THz wave
energy is transmitted from the upper surface of the Si prism to the upper surface of the Si wafer.
The attenuated total reflection occurs on the upper surface of Si wafer, and the THz wave is
interacted with the sample in the Si container. The THz penetration depth dp are illustrated in the
following equation

dp =
λ

2πn1

√
sin2θ −

(
n2
n1

)2 (2)

where λ is the wavelength of THz wave, n1 is the refractive index of Si wafer (n1=3.42), n2 is the
refractive index of sample, and θ is the incident angle (θ=57°). The penetration depth dp of the
evanescent field (about 24 µm for distilled water at 1 THz) is greater than the thickness of the cell
monolayer (around 10 µm). The rest of the THz energy will incident into the cell culture medium.
The whole system forms the ‘Si-cell-medium’ two-interface sample model, as shown in Fig. 3(a).

Then, the cell culture medium in the Si container is sucked away by pipette. The measurement
should be done as soon as possible taking water evaporation into account. The process is restricted
within 20 seconds to maintain the viability of cells. The penetration depth of the evanescent
wave is greater than the thickness of the monolayer cell, and the rest energy of the THz wave will
incident into the air. The model can be explained by the ‘Si-cell’ single-interface sample model,
as shown in Fig. 3(b). It can also be understood as the ‘Si-cell-air’ two-interface sample model.

On the condition of unknown thickness of living cell monolayer d1, in order to determine the
complex refractive index of the cell monolayer only and eliminate the interference of culture
medium above the cell monolayer, optical admittance analysis method in film optics is introduced



Research Article Vol. 10, No. 10 / 1 October 2019 / Biomedical Optics Express 5355

Fig. 3. (a) ‘Si-cell-medium’ two-interface model; (b) ‘Si-cell’ single-interface model.

here. The cell monolayer can be regarded as optical films and plated on the surfaces of the cell
culture medium and the air medium, respectively. The transfer matrix M of the two-interface
medium satisfies the equation as below,

M =


cos δ1 i
η1

sin δ1
iη1 sin δ1 cos δ1

 (3)

Here,M stands for transmission characteristics between the cell monolayer and the medium or
air, and η1 is the optical admittance of the cell monolayer. The phase difference δ1 is related to
the thickness of the living cell monolayer d1. Thus, the optical admittances of ‘Si-cell-medium’
and ‘Si-cell-air’ two-interface models are illustrated as Ycell+medium and Ycell+air in Eqs. (4) and
(5), respectively.

Ycell + medium =
iη1 sin δ1 + ηmedium cos δ1

cos δ1 + iηmedium
η1

sin δ1
(4)

Ycell + air =
iη1 sin δ1 + ηair cos δ1

cos δ1 + iηair
η1

sin δ1
(5)

Here, ηmedium and ηair are the optical admittance of culture medium and the air medium,
respectively. By solving Eqs. (4) and (5), the optical admittance of cell monolayer η1 can be
obtained by

η1 =

√
ηairYcell + air(ηmedium − Ycell + medium) − ηmediumYcell + medium(ηair − Ycell + air)

(ηmedium − Ycell + medium) − (ηair − Ycell + air)
(6)

Obviously, the optical admittance of cell monolayer η1 is independent of cell thickness d1.
Furthermore, the relationship between the optical admittance ηj and the complex refractive index
Nj (for P-polarization wave) is given by

ηj = Nj/cos θ = (n + ik)/cos θ (7)

where n and k stand for the refractive index and the extinction coefficient of sample, respectively.
It is clearly seen that, the dielectric responses of living cell monolayer can be obtained by the
combination of single-interface and two-interface ATR models. Here, it should be mentioned
that, the light spot of THz wave on the surface of the ATR prism was nearly 10mm in size, which
was much larger than the cell size. The impact of inhomogeneity of the cell culture monolayer
could be ignored due to the macroscopic measurement for several times.

4. Results and discussion

Firstly, to prove the feasibility of the experiment system in Fig. 1, the THz spectrum of RPMI
1640 culture medium was measured through dripping the RPMI 1640 culture medium on the
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bottom of the Si containers. The time domain pulses before and after placing culture medium on
the Si container were collected as the reference and the signal, indicated by red and blue solid
lines in Fig. 4(a), respectively. The first signal peak at 17ps was caused by the air-layer between
the Si wafer and the ATR prism, at which time the THz wave was reflected by the lower surface
of the Si wafer. The second signal peak occurred at 31ps while the THz wave was reflected by
the upper surface of the Si wafer, where THz wave was interacted with the RPMI 1640 culture
medium. Moreover, the time difference between the first and the second time-domain peak stood
for the thickness of the Si wafer. To ensure the accuracy of the experiment results, the amplitude
and time of the first time-domain peak for the sample measurements should be consistent with
those for the background measurements. In other words, the thickness of the air layer should be
unchanged during the measurement alternation between reference and sample.

Fig. 4. (a) The time-domain signal of RPMI 1640 culture medium (blue solid line) and
reference (red solid line) with Si container. (b) The absorption coefficients of RPMI 1640
cell culture medium measured with Si container (black solid line) and measured without Si
container (red solid line).

Figure 4(b) shows the absorption coefficients of RPMI 1640 culture medium were measured
using the ATR-TDS system with Si container (black solid line) and without container (red solid
line), respectively. The measurements were performed for five times and the average absorption
coefficients were obtained. The curves of the two methods were nearly consistent, indicating that
ATR-TDS equipped with the Si container was a feasible technique. The slight difference between
the two curves came from the pressure caused by the weight of the RPMI 1640 culture medium,
which could affect the thickness of air layer. Because the cell sample has relative light weight,
the effect of this factor could be ignored. However, the pressure caused by the sample weight as
well as the pressure above the sample should be kept stable for the high precise measurements
[23]. Especially for the heavy sample measurement, the thickness of air layer would be clearly
different from the reference. The additional object should be applied above the Si container to
generate the same pressure caused by the sample weight, and it should be altered according to
the sample weight. This would make the experimental procedure a little complicated.
Then, the sample composed of the living PC12 cells (the number of cells is 4×105) and the

RPMI 1640 culture medium were measured by THz-TDS system after attaching Si container
onto the prism closely. As shown in Fig. 5, the red solid lines showed the complex refractive
index based on the two-interface ‘Si-cell-medium’ model, i.e., the refractive index and extinction
coefficient. Then, the pipette was employed to suck away the RPMI 1640 culture medium. In
order to maintain the viability of cells and keep intracellular water unchanged, the spectral
measurements must be completed within a certain time. We monitored the same sample of
single-interface ‘Si-cell’ model in 1 min with THz-TDS system. The inset of Fig. 5 shows the
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detailed results, where the pink, purple, wine, green solid lines indicated the complex refractive
index based on the single-interface ‘Si-cell’ model in 10seconds, 20seconds, 30seconds and
60seconds, respectively. No significant changes of the complex refractive index of PC12 cells
were observed in 30seconds. After 1 min, the refractive index becomes lower, which may be
attributable to the water evaporation and the changes in intracellular hydration states. The
extinction coefficient decrease slightly within 1 min. Thus, it is reasonable that the effects of cell
viability and water evaporation are negligible in case that the operation procedure including the
detection time is less than 30seconds. In our experiments, the spectral measurement time is set
within 20seconds. Furthermore, the blue dash lines showed the dielectric properties of PC12 cell
monolayer solved using Eqs. (6) and (7). Considering the error for the blue dash lines depends
on single-interface and two-interface ATR measurements, which is a function of Ycell+DMEM and
Ycell+air, the error bars don’t be displayed in the results. In order to better compare the difference
between the red solid lines and the blue dashed lines, the inset was provided in Fig. 5, depicting
the details in the range of 0.7–0.8 THz. Obviously, it can be seen that the blue dashed lines
deviated from the red solid lines slightly, especially for the extinction coefficient, which were
consistent with the previous reports [17,18]. In other words, the dielectric parameters deduced
directly through ‘Si-cell-medium’ model measurement still has some errors due to the information
of culture medium included. However, the accurate dielectric properties of living glial-like cell
monolayer can be obtained by combination of single-interface and two-interface ATR models.
Overall, the refractive index and extinction coefficient decreased with the THz frequency increase.
Additionally, after removing the RPMI 1640 culture medium, the cell monolayer was dried by
flowing air for 5mins to make the culture medium evaporation completely. The black solid lines
showed the complex refractive index of sample composed of dehydrated PC12 cell monolayer
and air. The refractive index and extinction coefficient are close to the parameters of air. The
significant difference in the absorption came from the change of intracellular fluid, such as
hydration water and free water.

Fig. 5. The complex refractive index of living PC12 cell monolayer from rats. (a) refractive
index, (b) extinction coefficient. The red solid lines showed the dielectric properties based
on two-interface ‘Si-cell-medium’ model. The blue dashed lines showed the dielectric
properties of PC12 cell monolayer based on Eq. (7). The black solid lines showed the
dielectric properties of sample composed of the dehydrated PC12 cell monolayer and the
air medium. The pink, purple, wine, green solid lines showed the the complex refractive
index based on the single-interface ‘Si-cell’ model in 10seconds, 20seconds, 30seconds and
60seconds, respectively.

The effect of living cell numbers on dielectric properties has been studied. The living
PC12 cells were cultured in the Si containers with the numbers of 2×105, 3×105 and 4×105,
respectively. As shown in Fig. 6, the solid lines showed the dielectric properties based on
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two-interface ‘Si-cell-medium’ model. The dashed lines showed the dielectric responses of PC12
cell monolayer solved by Eqs. (6) and (7). The complex refractive index of living PC12 cell
monolayer showed a positive relation to the cell number. As the number of living PC12 cells
increased, the refractive index was increased and the extinction coefficient was decreased. The
changes became apparent with the THz frequency increase. When the number of living PC12
cells was equal to 4×105, the absorption was lower than the others. It can be induced that, the
content of the culture medium in the intercellular space was relatively decreased with the cell
number increasing. Accordingly, the THz absorption will decrease with the cell number increase.

Fig. 6. The complex refractive index for different numbers of living PC12 cells from rats (a)
Refractive index, (b) extinction coefficient. The solid lines showed the dielectric properties
based on two-interface ‘Si-cell-medium’ model. The dashed lines showed the dielectric
responses of PC12 cell monolayer based on Eq. (7). The red, blue, pink curves were the
dielectric responses for the cell number of 2×105, 3×105 and 4×105, respectively.

In order to compare the glioma cells with normal glial-like cells, the C6 glioma cells from rats
with the number of 2×105 were cultured using DMEM medium. And the dielectric responses of
the C6 glioma cells were measured under the same conditions for PC12 cell monolayer mentioned
above, such as the same Si container, the same room temperature and dryness of air. The results of
spectral measurements were shown in Fig. 7. The dielectric properties of two-interface medium
composed of living cell monolayer and culture medium (solid lines) were directly obtained by
spectroscopy measurements, while the dielectric properties of cell monolayer (dashed lines) were
solved using Eqs. (6) and (7). The curves almost overlapped together. For better comparison,
the spectra of PC12 cells were also depicted in Fig. 7. The results showed that C6 glioma cell
monolayer (blue dashed lines) and PC12 cell monolayer (red dashed lines) had different spectral
characteristics at the cell number of 2×105. The refractive index of C6 tumor cell monolayer was
higher than that of PC12 cell monolayer, and the difference increases with the THz frequency
increase. Considering the culture mediums are different for the two kinds of cells, the ATR
spectral measurements for RPMI 1640 medium and DMEM medium were performed for five
times, as shown in the insets of Fig. 6. The discrepancy of the dielectric properties is very
small. Thus, the difference of refractive indices between C6 tumor cell monolayer and PC12 cell
monolayer might mainly originates from different cell structures. The absorption properties of
PC12 cell monolayer were nearly the same as those of C6 cell monolayer.

Furthermore, the living glial-like cell monolayers derived from human were investigated. The
SVG P12 cell is human astrocyte, and the HMO6 cell is human microglial. SVG P12 cell and
HMO6 cell were cultured using DMEM with the cell number of 3×105. The process of living
cell culture was the same as above. Figure 8 shows the dielectric responses of two-interface
model composed of living human cell monolayer and culture medium (solid lines) were clearly
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Fig. 7. The complex refractive index for PC12 and C6 cells from rats. (a) Refractive index,
(b) extinction coefficient. The blue solid line was the dielectric properties of two-interface
medium composed of living C6 cell monolayer and culture medium. The blue dashed line
and the red dashed line were the dielectric properties of C6 and PC12 cell monolayers based
on Eq. (7), respectively. The insets showed the dielectric properties of RPMI 1640 culture
medium and DMEM medium.

different from the dielectric responses of cell monolayer (dashed lines) solved using Eqs. (6) and
(7), especially for SVG P12 cell. Moreover, we found that there were significant differences in the
refractive index and extinction coefficient between SVG P12 living cell monolayer (red dashed
lines) and HMO6 living cell monolayer (blue dashed line) in the range of 0.2–1.2THz. It could
be mainly attributed to the cell structure, including the cell size and cell morphology. In addition,
the arrangement of different cell types may be different even in the case of cell monolayer. The
effect of the layer number and the cell arrangement direction should be discovered in the further
study.

Fig. 8. The complex refractive index for SVG P12 cells, HMO6 cells, and U87 cells. (a)
Refractive index, (b) extinction coefficient. The solid lines showed the dielectric responses
based on two-interface ‘Si-cell-medium’model, the dash lines showed the dielectric responses
for human cells based on Eq. (7). The red, blue, purple cures showed the dielectric responses
for SVG P12 cells, HMO6 cells and U87 cells, respectively.

For comparison, the human glioma U87 cells were also detected and analyzed. The culture
medium of U87 cells was DMEM/f12. Figure 8. showed that the absorption of glioma U87
monolayer (purple dashed lines) was larger than that of SVG P12 cell monolayer and HMO6 cell
monolayer. Based on the combination of single-interface and two-interface ATR models, the
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significant differences were observed between glioma cells and normal glial-like cells derived
from human. This result is in agreement that brain glioma tissue has higher refractive index and
absorption coefficient than those of normal tissue [24,25]. In other words, this study illustrated
that THz wave can be used for the diagnosis of glioma at the cellular level.

5. Conclusion

The attenuated total reflection spectroscopy with the Si container attached on the ATR prism
has been demonstrated to be an efficient method to obtain the dielectric properties of living
cells in THz range. According to the optical admittance analysis, the dielectric responses of
living cell monolayers can be determined without cell thickness based on the combination of the
single-interface and the two-interface models. The characteristics of different kinds of living cells
with different cell numbers have been experimentally measured using ATR THz-TDS system.
Furthermore, the glioma cells exhibited different dielectric properties compared with the normal
cells, which can account for the glioma tissue discrimination using THz wave. This method will
provide a new insight to in situ fast monitoring of living cells accurately.
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