Open Access Article. Published on 23 November 2017. Downloaded on 7/24/2025 8:56:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2017, 7, 53963

Cell viability and hydration assay based on
metamaterial-enhanced terahertz spectroscopyf

Yu Liu,}® Mingjie Tang,}" Liangping Xia,”> Wenjing Yu,? Jia Peng,? Yang Zhang,?

Marc Lamy de la Chapelle,“ Ke Yang,? Hong-Liang Cui

+*xbd ) *a

and Weiling Fu

As a fast-growing technology, terahertz time-domain spectroscopy (THz-TDS) is becoming increasingly
pervasive in biological applications, targeting a range of biomaterials from biomolecules to tissues.
However, THz-TDS studies at the cellular level are quite limited. Thus, a study to analyze the living state
and hydration state of a tumor cell in a label-free manner is carried out and reported here. Combined

with a specially designed THz metamaterial, a tumor cell monolayer was detected continuously over

a period of time. In addition, in order to explore the possible impact of the metamaterial on tumor cells,
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the secretion of IL-6, IL-8, GM-CSF and GROa of cell supernatants was detected. The results

demonstrated that the technology could characterize the living state by monitoring the extracellular
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1. Introduction

Biomedical research at the cellular level is deemed important,
as cells are considered the basic units of structure and function
in forming organisms. A variety of methods for cell detection
have been advanced to acquire individual-cell related informa-
tion, such as microscopy, immunohistochemistry, electrophys-
iology, and so on.'”* However, these methods invariably need to
mark cells with biotin or fluorochrome that not only act as
labels, but unavoidably influence the activity of cells; moreover,
they must collect data at predetermined times, so the complete
cellular events tend to be ignored, and the detection index
cannot show the accurate changes of cell physiology in cellular
processes.** Although, to date, label-free detection technologies
have achieved rapid development, including atomic force
microscopy, Raman spectroscopy, and various biosensors,*®
clinical pathologic diagnosis based on morphology is still
regarded as the golden criterion.” Therefore, it is critical to
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water and investigate the hydration state inside a tumor cell in real time, showing great application
potential for the label-free detection of normal cells and tumor cells of diverse malignant degree.

further explore other label-free detection methods for fast and
accurate diagnosis.

Recently, rapid development of terahertz (THz) technology is
ushering in a tantalizing possibility for another label-free and
non-contact detection approach on biological substances.' THz
radiation ranging from 0.1 to 10 THz (1 THz = 10" Hz) has very
low photon energy (1 THz to 4 meV), effectively avoiding
harmful ionization to biological samples, and is highly sensitive
to polar substances such as water." Of particular interest in
biology, the energy of weak intermolecular interactions such as
hydrogen bonds, van der Waals force and hydrophobic inter-
action, and framework vibration and dipole rotation of mole-
cules all lie within the THz region; and as a result, THz
technology has been extensively applied to characterize the
features of various biological substances.'>™"*

However, due to the fact that no cells can live without
a watery environment, and the strong THz absorption of water
restricts the effective information acquisition in an aqueous
environment,'” THz research at the cellular level has encoun-
tered strong scepticism. Usually the absorption coefficients
increased monotonously and continually with frequency.'®*
Thus, it can be achieved to distinguish different cells in
aqueous solutions, only through dependence on typical intra-
cellular substances.”® Although THz differential time-domain
spectroscopy have been shown to have superior sensitivity in
detecting minute structural changes using a cultured cell
monolayer, the tremendous absorption of water was still the
most serious problem, limiting further applications.”
Currently, in order to avoid the influence of water to the greatest
extent possible, THz time-domain attenuated total reflection
(THz TD-ATR) makes use of the reflection mode, obtaining the
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complex dielectric constants, intracellular water dynamics and
permeabilization of living cells.””?*** Therefore, when the
interference of water is overcome, THz technology will hopefully
provide an innovative approach to obtain much valuable
cellular information and even resolve issues that remain
unaddressed to date.

Faced with the current situation, metamaterials, the artificial
structures composed of sub-wavelength metallic arrays, have
received extensive attention to improve the THz detecting
sensitivity,> owing to its unique electromagnetic resonances
sensitive to minute changes in its surrounding environment.
Great hopes have been placed on such man-made materials for
detecting living cells and microorganisms.*® Among the endless
variety of metamaterials, the most widely studied is the split-
ring resonator (SRR) in the THz region.** The SRR is so
extraordinarily sensitive to the substance deposited over its
surface, that it will provide a feasible approach to detect cell
monolayer in aqueous environment with a thin water layer.””
Moreover, the THz radiation response of the SRR not only
reflects in the change of resonance frequency, but also in peak
attenuation.*

In this study, we combined THz time-domain spectroscopy
(THz-TDS) with a particular type of SRR-based metamaterial to
measure tumour cell monolayer, for the sake of representing
the living state of cells by monitoring the extracellular water and
investigating hydration state inside the tumour cell in a label-
free manner. The U87 cell cultured on the SRR was continu-
ously detected until the THz response no longer changed. The
resulting THz time-domain waveform was transformed by Fast
Fourier Transform, and analysed for changes of the resonance
frequency and the transmission spectrum. In addition, in order
to assess the possible impact of the metamaterial on tumour
cells, we detected the secretion of IL-6, IL-8, GM-CSF and GROa
of cell supernatants by ELISA, evaluating the function of the
SRR comprehensively.

2. Materials and methods
2.1 Fabrication of the metamaterial

The metamaterial composed of metallic square arrays of five
square rings with four micro-gaps symmetrically located in each
ring was fabricated by a conventional photo-lithography tech-
nique on a high-resistance silicon (Si) substrate with a thickness
of 400 pm. 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 SRR structure with a period of 58 pm, gap
size of 3 pm, linewidth of 2 pm, and line length of 48 um, as
depicted in Fig. 1.

2.2 THz spectroscopic measurement

THz transmission spectra were measured by applying
a commercial THz-TDS system (Advanced Photonix, Inc., T-Ray
5000), with the spectral resolution of 12.5 GHz. The femto-
second pulses were produced by a Ti-sapphire laser with
a central wavelength of 1064 nm, a repetition rate of 100 MHz,
and duration of <100 fs. The pulses were divided into two parts
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Fig. 1 The structure of THz metamaterial. (A) An optical microscope
image of THz metamaterial. (B) A schematic presentation of THz
metamaterial.

by a polarizing beam splitter, one as the probe beam directly
irradiating on the photoconductive antenna (PCA), and the
other 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.

The metamaterial substrates placed and fixed on the sample
holder, were perpendicular to the horizontal plane, between the
radiation transmitter and detector. Besides, in order to collect
the energy of long wave adequately, there was a metal plate with
a circular hole with a diameters of 13 mm in front of the sample.
THz time-domain waveforms of the metamaterial covered with
a cell monolayer were detected in transmission mode periodi-
cally with an interval of time (5 s), until no further change under
the same experimental conditions was observable, at room
temperature of 24 °C and a relative humidity of 3% and 7%
respectively, maintained by the purge of nitrogen gas. The time-
domain data of samples were converted into frequency domain
data through Fourier transform firstly, and then the trans-
mission of the samples are calculated by normalizing the power
values with the reference of air. The effective frequency region
ranges from 0.1 to 2.0 THz.

2.3 Sample preparation

Human brain glioblastoma U87 cells (CHI Scientific Incorpo-
ration, China) were cultured in Dulbecco's Modified Eagle
Medium (DMEM) containing 10% fetal bovine serum and 1%
penicillin-streptomycin (both from Invitrogen, Grand Island,
NY, USA) at 37 °C with 5% CO, in a humidified atmosphere.
Cells at a density of 3 el10° per 3 ml of media were cultured on
Petri dishes and cleaned metamaterial substrate completely
covered with SRRs, prior to experiments simultaneously. Cells
were cultured for around 24 h to fully cover and adhere directly
onto the metamaterial surface with the cell monolayer. Before
a THz-TDS measurement, the samples were washed with PBS
twice, followed by maximal removal of the remaining water
from the surface by blotting papers.

This journal is © The Royal Society of Chemistry 2017
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2.4 Finite element method simulation

Based on the structure parameters mentioned in the part of
fabrication of the metamaterial, the resonance behaviour and
the surface electric field distribution of the metamaterial were
predicted and analysed with the finite element method (FEM)
using commercial software (COMSOL). Additionally, the shifts
of the resonance frequencies had also been simulated by
varying the dielectric constant ¢ of the model with values ranged
from 2.0 to 9.0 at the low-frequency resonance.

2.5 Cytokine secretion measurement by ELISA

Cell supernatants on Petri dishes and cleaned SRR were
collected and centrifuged at 3000 rpm for 5 min to remove cells.
The supernatants were stored at —80 °C prior to assay.
Interleukin-6 (IL-6), interleukin-8 (IL-8), human granulocyte-
macrophage colony stimulating factor (GM-CSF), and human
growth regulated oncogene alpha (GROa) were measured by
ELISA. Triplicates were run per sample. The detection results
were analysed through independent-samples ¢ test by SPSS.

3. Results
3.1 THz-TDS detection of U87 cell monolayer

We first performed THz transmission spectroscopy of the met-
amaterial covered with U87 cell monolayer, as shown in Fig. 2A.
Under a relative humidity of 3% and with a measurement time
of 5 s, a series of resonance frequencies has been observed, but
in order to clearly show the results, a representative result of the
whole detection procedure had been presented in Fig. 2B. Two
resonance peaks of the blank SRR were obtained, located at
1.375 THz and 1.737 THz, respectively. Fig. 2C and D show the
better-visualized results of the first and the second resonance
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Fig. 2 Metamaterial sensing of U87 cells in a relative humidity of 3%.
(A) An optical microscope image of THz metamaterial covered with
U87 cell monolayer. (B) THz transmission spectra measured with U87
cell monolayer within 150 s. (C) THz transmission spectra of the first
resonance peak measured with U87 cell monolayer within 150 s. (D)
THz transmission spectra of the second resonance peak measured
with U87 cell monolayer within 150 s.
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peaks respectively. In order to verify the repeatability of the
measurements, parallel experiments had been carried out, and
consistent results were achieved (see ESI Fig. S-1 and S-27).
What's more, when the relative humidity was increased to 7%,
the resonance frequencies under different detection times were
changed regularly (see ESI Fig. S-3 and S-47).

The resonance frequencies of the cells under different
detection times have been studied and described in detail, as
shown in Fig. 3. The change of the first resonance peak was
illustrated in Fig. 3A, with its time evolution divided into five
phases to facilitate its understanding. The resonance frequency
of the first phase was at 1.2 THz, promptly following the
placement of the SRR in the detection box; during the second
phase it was located at 1.187 THz, continuing for about 50 s. At
60 s, the resonance frequency shifted to 1.2 THz, and continued
for 90 s. After another 5 s, the resonance frequency reached
1.212 THz, which briefly lasted for 15 s; ultimately, the reso-
nance frequency stabilized around 1.312 THz and did not show
any noticeable change again with time. The change of the
second resonance peak as a function of time was showed in
Fig. 3B. Interestingly, here the resonance peak did not appear
until 115 s into the experiment, and thereafter it remained at
1.637 THz for the duration of the measurement.

3.2 THz-TDS detection of PBS

Although we have done everything possible to maximally
remove the PBS on the surface of the cell monolayer, inevitably
there was still minute amount of residual PBS left. Thus we have
specially detected the influence of PBS alone on the SRR. In
order to roughly estimate the PBS layer thickness, correspond to
the thickness of a monolayer cell, an AFM image was taken to
acquire the height of a single cell (Fig. 4A), indicating the
maximum height of the monolayer of cells is about 5.033 um.
Therefore, we need to control the PBS layer thickness to value
above 5.033 um to match the condition of cell detection as close
as possible. To that end, we added 5 pl and 10 pl PBS to the
metamaterial, and covered with the polyester film with a thick-
ness of 0.25 mm that is transparent in the THz range to make
certain that the PBS cover the whole metamaterial (size: 2.45 x
2.45 cm?). The PBS layer thickness was calculated from the
formula: V=S x h, where V is the liquid volume, S the area of
the metamaterial, and / the height of the liquid layer. The
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Fig. 3 The changes of the resonance frequency within 300 s in
a relative humidity of 3%. (A) The changes of the first resonance peak
within 300 s. (B) The changes of the second resonance peak within
300 s.
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Fig. 4 (A) AFM images of the U87 cell. (B) THz transmission spectra of
the PBS measured with different volumes.

calculations revealed that the heights were 8.33 pm and
16.66 pm, respectively, corresponding to the two sample
volumes, matching the heights of the monolayers of cells.

The PBS layer with different thicknesses had a disparate
effect on the resonance frequency of the SRR as shown in
Fig. 4B. Obviously, the first resonance peaks were not only
different with regard to the resonance frequency, with
1.237 THz for 5 ul PBS and 1.225 THz for 10 ul PBS, but also with
regard to transmission, showing that the transmission of the
5 pul PBS sample was lower than that of the 10 pl PBS. Thus,
compared to the 10 pl PBS sample, the 5 pl PBS sample seemed
to exert a lesser influence on the SRR, both in terms of the
resonance frequency and the transmission of the first reso-
nance peak. However, for the second resonance peak, such
difference is only discernible in the transmission, with the
transmission of the 5 pl PBS sample higher than that of the 10 pl
PBS sample, contrary to the first resonance peak. Therefore, it is
concluded that the second resonance peak is somehow less
sensitive than the first resonance peak to the PBS layer
thickness.

3.3 Finite element method simulation

We carried out FEM electromagnetic simulation to analyse the
performance of the metamaterial, working at the resonance
frequency points (1.375 THz and 1.737 THz) (Fig. 5). The surface
current distribution of a metamaterial element respectively
concentrated in the outermost ring at the low-frequency reso-
nance point (Fig. 5A), and in the middle ring at the high-
frequency resonance point (Fig. 5B). Therefore, the low-
frequency resonance was mainly caused by the resonance of

Fig. 5 Simulated characterization of the THz metamaterial. (A) The
surface current distribution of a metamaterial element at the 1.375 THz
resonance. (B) The surface current distribution of a metamaterial
element at the 1.737 THz resonance.
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Fig. 6 The correlation between the shifted resonance frequency and
dielectric constant ¢ at the 1.375 THz resonance.

the outermost ring, and the high-frequency resonance by the
middle ring.

In order to analyse the spectral changes, the shifted reso-
nance frequencies had been obtained (Fig. 6). The result indi-
cated that there was a good linear relation between the
resonance frequency shifts and the dielectric constant ¢. In
addition, the minimum change of resonance frequency could
reach 2 GHz when the dielectric constant merely changed 0.2,
which was much smaller than the change of resonance
frequency in the experiment. This meant that the metamaterial
had a high sensitivity to the variation of dielectric constants e.

3.4 Cytokine secretion

In order to verify whether there was any influence of the meta-
material itself on the cell growth and state, concentrations of IL-
6, IL-8, GM-CSF and GROw had been obtained (Fig. 7). Relevant
statistical results showed that there were obvious differences
(P < 0.05) in cytokine concentrations of cell supernatants
between the experimental groups and control groups, with
statistical significance. The concentrations of IL-8, GM-CSF and
GROu in the experimental groups were significantly lower than
those in the control groups, with only the result of IL-6 being the
opposite.

I Petri dishes,
I SRR

ng/L

IL-6

GM-CSF

IL-8 GROa

Fig. 7 Cytokines secretion (IL-6, IL-8, GM-CSF and GROa) of cell
supernatants were determined by ELISA on the Petri dishes and SRR.
The data are shown as the mean =+ standard deviation. *P < 0.05.
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4. Discussion

Based on the experimental results, we attempted to understand
the time evolution of the resonance peak generated by the SRR
covered with U87 cell monolayer. It is undeniable that the most
direct and significant impact on the living cells in the dry
sample condition is the changes of water content. In addition,
at the tissue level, extensive researches had been conducted
among various tissues and demonstrated a marked difference
of the real part of the dielectric constant between the paraffin-
embedded tissues and freshly excised tissues, indicating that
the water contents of the tissues could affect the complex
dielectric constants significantly.>?*® Thus, we speculate that
the change of cell water content is the most important reason
for the variation of the resonance peak in time.

4.1 Analysis of the second resonance peak

We first considered the second resonance peak (Fig. 3B), which
did not appear until a much later time, but it happened for
samples with different heights of the PBS layer. Due to the dry
sample conditions, the moisture loss was almost complete, thus
we think the cells were in a state of complete water loss when
the resonance peak appeared, without any concomitant
changes in the transmission and resonance frequency. In other
words, the cells containing any water had a strong effect on the
second resonance peak. Therefore the second resonance peak
can be used as some kind of indicator of the presence of water
in the cells, and it can further distinguish effectively the cell
state, especially survival status and inactive states.

4.2 Analysis of the first resonance peak

Compared to the second resonance peak, there were more
complicated changes in the first resonance peak with more
nuances (Fig. 3A). The resonance frequency was 1.2 THz when
the sample was measured at the beginning, and subsequently
the frequency shifted to 1.187 THz. Therefore, large amount of
water had contributed to the influence of cells on the SRR, as
the resonance frequency of the PBS layer exceeded 1.2 THz, and
the surface of the sample inevitably was permeated with water.
However, the cells played an increasingly dominant role with
the decrease of surface water, leading to the reduction of the
resonance frequency. Finally, at 115 s, the resonance frequency
reached a stable value of 1.312 THz, indicating that there was no
more water inside or outside the cells. Moreover, this time
coincided with the initial time of appearance of the second
resonance peak, corroborating our hypothesis of the last
paragraph.

Before the cells were dried out thoroughly in a relative
humidity of 3%, the resonance peak evolved in sequential order
over three frequencies, 1.187 THz, 1.2 THz, and 1.212 THz,
dwelling for 50 s, 30 s and 15 s, respectively at each value. More
importantly, when the relative humidity was improved to 7%,
the duration of each phase also increased, lasting for 65 s, 35 s
and 20 s, respectively. This should be pretty easy to understand,
due to the higher humidity. Not surprisingly, with regard to the
cell monolayer, there were three different states of water,

This journal is © The Royal Society of Chemistry 2017
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i.e., extracellular water, and intracellular water that can be
further divided into bulk water and hydration water. It is
a common knowledge that the extracellular water is not bound
by the cell membrane; but conversely the cell membrane can
restrict the activity of intracellular water.

Besides, the research has shown that the real and imaginary
parts of the complex dielectric constant of bulk water was about
3.5-6.0 and 1.5-6.0, respectively, ranging from 0.3 to 3.0 THz."”
In our experiment, the shifted resonance frequencies were from
63 GHz to 175 GHz at the first resonance peak, requiring
a dielectric constant of 4.6-9.8 according to the result of FEM
simulations, which can well match with the reported dielectric
constant of bulk water. For intracellular water, an increasing
number of techniques have been brought to understand.*** In
particular, using nonlinear optical Kerr effect microscopy, it has
been found that under physiological conditions, the structural
relaxation of intracellular water inside a whole culture cell was
1.7 times slower than in bulk water.*® Thus it is likely that the
hydration water and biological macromolecules within the cells
could somehow restrict the mobility of intracellular water.

Therefore, it is speculated that the extracellular water was
depleted first, followed by the bulk water and hydration water
loss inside the cells, happening in succession. Moreover, since
the three frequencies of the resonance peaks were in accor-
dance with the three states of the cellular water, one might be
tempted to conjecture whether there was a one-to-one correla-
tion thereof. More specifically, the resonance peak located at
1.187 THz could indicate that there was still extracellular water
around the cells, signalling the structural and organizational
integrity of the cells. When the extracellular water was depleted
and the integrity of the cells began to deteriorate, a loss of the
bulk water could cause the blue-shift of the resonance
frequency. Eventually, the bonds between water molecules and
biological macromolecules broke, and with the decrease of the
hydration water, the resonance frequency underwent a further
blue-shift. Although this is at best an educated guess, and more
evidences are needed in order to fully authenticate it, its plau-
sibility is nonetheless tantalizing.

Apart from the research on the dynamics of water, another
important scientific issue concerns the hydration state inside
the cells. Research using nuclear magnetic resonance spec-
troscopy®* had shown that 85% of the water inside cells
exhibited bulk-like dynamics, while the remaining 15% was
retarded motionally due to the direct interactions with biomo-
lecular surfaces. Recently, THz TD-ATR have been utilized to
analyse the hydration state in HeLa cell monolayer, and the
calculation revealed that the intracellular water hydrated to
biomolecules was accurately 23.8 no7.4% by the extended
theory of Onsager.”” This has laid a sound foundation for the
research to explore further the characteristic of intracellular
water hydration state. However, there is still no definitive
conclusions vis-a-vis intracellular water, on account of the lack
of a solid theoretical basis and overwhelming experimental
evidences.* In this vein, though the findings here are likely
unique to these experimental conditions and cannot, without
qualification, be extrapolated to functioning cells under normal
environments, our study nevertheless provides a supplemental
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method to monitor the water content and evaluate the state of
cells in real time and without the need for labels.

As the changes of the resonance frequency are closely related
to the complex dielectric constants of the samples, SRR can also
provide the characteristic complex dielectric constants of cells
and tissues, at least in theory. More importantly, there are
obvious differences in the water contents of the different cell
types, particularly between normal cells and the tumour cells,**
and water contents can serve as an indicator of different
malignant degrees of tumour cells.’” Therefore, combined THz
SRR spectroscopy ushers in new possibilities to distinguish
different kinds normal and tumour cells, as well as malignant
degrees of the latter, and this may soon prove practical through
improved detection sensitivity by perfecting the design, fabri-
cation, and functional modifications of the metamaterial.

4.3 Cytokine analysis

It is generally known that IL-6 and IL-8 are angiogenesis
inducers for tumour cells,*® and in senescent cells IL-6 is
a major secreted factor.* It has been reported that for human
brain glioblastoma cells, IL-6 can promote invasiveness, and
GM-CSF can enhance cell proliferation.*®** Although to our
knowledge there has been no reference about the effect of GROa
on glioblastoma cells, from the research results on other
tumour cells, it can be inferred that GROa could also promote
tumour development.*” Increasingly, these cytokines have been
regarded as novel targets in tumour therapy.* However, based
on consequences of cytokine analysis, we found that the met-
amaterial did not expedite tumour progression, nor did it
increase the malignant degree. Such benign behaviour is obvi-
ously heartening, in so far as the metamaterial is at the centre of
a promising diagnostic tool when combined with THz spec-
troscopy, as we showed herein. Needless to say, further study is
required to learn how to perfect the metamaterial to completely
eliminate its impact on the cells under test.

5. Conclusions

In conclusion, we have studied the THz spectroscopic responses
of U87 cell monolayer cultured on a specifically designed met-
amaterial, as a function of time, and observed clear shifts in the
resonance frequencies and changes in the transmissions asso-
ciated with different cellular states. Results showed that there
were two resonance peaks, the first could be used to charac-
terize the living state of the cells by monitoring the extracellular
water and to investigate the hydration state inside a tumour cell;
and the second resonance peak could serve as a supplement
and verification to the first one in real time and without the
need for labels. However, since significant changes of the
cytokine concentrations had been tested, we should further
explore the reason and strive to avoid their influence. In the
future, researches in this area will undoubtedly benefit from the
continuous and never-ending improvement of THz technology
and THz metamaterials, which will improve the sensitivity of
THz detection to distinguish normal cells and tumour cells of
different malignant degree, even to achieve quantitative
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determination of high sensitivity, thus finally achieving label-
free detection of live cells to open up a new avenue of diag-
nostic approaches.
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