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lication of terahertz technology in
non-invasive detection of cells and tissues:
opportunities and challenges

Liu Yu,†a Liu Hao,†ab Tang Meiqiong,a Huang Jiaoqi,a Liu Wei,a Dong Jinying,a

Chen Xueping,a Fu Weiling †*a and Zhang Yang†*ac

Terahertz (THz ¼ 1012 Hz) spectroscopy has shown great potential in biomedical research due to its unique

features, such as the non-invasive and label-free identification of living cells and medical imaging. In this

review, we summarized the advantages and progresses achieved in THz spectroscopy technology for

blood cell detection, cancer cell characterization, bacterial identification and biological tissue

discrimination, further introducing THz imaging systems and its progress in tissue imaging. We also

highlighted the biological effects of THz radiation during its biological applications and the existing

challenges and strategies to accelerate future clinical applications. The future prospects for THz

spectroscopy will focus on developing rapid, label-free, and convenient biosensors for point-of-care

tests and THz in vivo imaging.
1. Introduction

THz radiation typically is dened as 0.1–10 THz of the electro-
magnetic spectrum (3.33–333 cm�1 in wavenumbers, or 30–
3000 mm in wavelength),2 which lies between the microwave and
infrared regions of the electromagnetic spectrum. In the past
decade, numerous THz sources, detectors, and transmission or
reection technologies have been developed to explore the “THz
gap” between photonics and electronics,5 and have been widely
utilized in applications such as chemistry, materials science,
biomedicine, security screening6 and communication.7

THz radiation has unique properties suited to biomedical
research, especially which can excite low-frequency molecular
vibrations, including hydrogen bonds, van der Waals or other
non-bonded interaction. When THz radiation propagates
through biomolecule, each biomolecule produces its charac-
teristic spectral vibrational signature in the THz range. “THz
ngerprint” could be utilized for identifying and characterizing
objects based on THz spectroscopic measurements.8 Mean-
while, THz imaging has shown the crucial advantages in tissue
detection in situ to distinguish normal and pathological tissues.

This review was divided into seven sections. The rst section
introduced basic concepts of THz radiation and its
hwest Hospital, Third Military Medical
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qing General Hospital, China
fundamental mechanisms in biomedical application. The
second section described the common types of THz spectro-
scopic instruments generally used in biological research. The
third section surveyed the common THz imaging systems. The
fourth section summarized the advantages and progress ach-
ieved in THz spectroscopic instruments for cell detection,
including cancer cells, blood cells and bacterial cells. The h
section summarized the application of THz spectroscopy and
imaging in tissue detection. The sixth section provided an
overview of the application of THz technology in bio-security.
The last section addressed challenges and strategies to accel-
erate practical application on cell and tissue.
2. THz spectroscopic instrument

The THz spectroscopic instrument and imaging system are the
essential conditions for detecting, analysis and imaging. The
THz spectroscopy instrument can obtain the amplitude and
phase information of the samples, which can be converted to
optical parameters, such as refractive index, the extinction
coefficient and so on, conveniently for studying the optical
properties.9 Now, there are three main types of THz spectros-
copy generally used in biological research, including Fourier
transform spectroscopy (FTS), photomixing spectrometer and
THz time-domain spectroscopy (THz-TDS).
2.1 Fourier transform spectroscopy

THz resonance spectroscopy was limited in the past, until the
exploration of new sources and detectors. Recently, the new FTS
with higher spectral and spatial resolution has been utilized for
This journal is © The Royal Society of Chemistry 2019
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bacterial cells characterization in the sub-THZ range (10–
25 cm�1).10 As the most common technique used for studying
molecular resonance, FTS possess the prominent advantage of
extremely wide spectral coverage, generally from 100 GHz to 5
THz, although its relatively poor signal-to-noise (SNR). A detail
introduction can be found in a previous review about FTS.11
2.2 Photomixing spectrometer

The photomixing spectrometer generally contains a GaAs pho-
toconductor, on which interdigitated metal electrodes are
patterned with two frequency-offset lasers to generate
continuous-wave. A schematic representation of a typical pho-
tomixing spectrometer is shown in Fig. 1A.12 This system
contains two photomixers as transmitter and receiver, respec-
tively. The photomixing spectrometer has a resolution of 500
MHz depended on the frequency step, whose dynamic range is
also high, usually 70–80 dB around 0.1 THz and 40–50 dB at 1.0
THz.13 Therefore, distinct signatures can be observed directly in
the transmission spectra without further calculating the rele-
vant spectral parameters. Although this technique requires
a long measurement time, it's considered to be high accurate,
inexpensive, and uncomplicated because of its huge spectral
density and excellent frequency resolution.14
2.3 THz time-domain spectroscopy system

THz-TDS uses short pulses of broadband THz radiation, that are
typically generated using ultrafast laser pulses.15 Generally,
a THz-TDS system contains a femtosecond laser, with a near 100
MHz repletion rate to further produce a series of 100 fs laser
pulses. Under an integration time of 1 s, the THz-TDS system
has an SNR between 50 and 60 dB in the bandwidth between 2
and 5 THz. With an acquisition time of 1 min, the spectral
resolution of a typical THz-TDS system is 50 GHz.16,17

When the pulse train is split into a pump beam by a beam
splitter, THz radiation and a probe beam to gate the detector are
generated (Fig. 1B).16 The THz electric eld can be obtained
including the amplitude and phase information as a function of
time. Thus, the THz-TDS system provides a time-resolved
spectroscopic analysis and can effectively reject some
common sources of noise.
Fig. 1 Schematic illustration of THz spectroscopic instrument. (A) Photo

This journal is © The Royal Society of Chemistry 2019
3. THz imaging system

Recently, the THz imaging system hasmade rapid development,
due to the crucial advantages of visualizations and high secu-
rity, especially in medicine. Here, the two common THz
imaging system will be introduced containing THz pulsed
imaging (TPI) system and continuous-wave (CW) THz imaging
system.
3.1 THz pulsed imaging system

The TPI system can achieve the imaging in the transmission
and reection mode. For example, a TPI reection system
(Fig. 2A) generally contains a femtosecond pulse laser,18 oper-
ating with a biased photoconductive antenna to produce THz
pulse, then that is collected, collimated, and focused onto the
sample. Aerwards, the reected and backscattered THz pulse
is collected and focused onto an unbiased photoconductive
antenna for the laser-gated THz detection. Different with TPI
reection system, the THz wave the penetrates into the sample
in the TPI transmission system.19 In TPI reection detection, the
THz waveform is taken at many points over the sample surface,
and is recorded as a function of optical time delay at each pixel.

Therefore, TPI system can provide three-dimensional infor-
mation: the x- and y-axis describe vertical and horizontal
dimensions respectively and the z-axis represents the time-delay
dimension.18 Despite TPI system requires a long time of scan-
ning, it can record THz waveforms in the time domain, both
including intensity and phase information, that can be used to
acquire more details of the target.20
3.2 Continuous-wave THz imaging system

The CW THz imaging system also can achieve the imaging in
the transmission and reection mode. The Fig. 2B illustrates
a CW THz reection imaging system that photomixes two CW
lasers in a photoconductor as an example.2 The mixing of two
above-bandgap (visible or near-infrared) wavelengths produces
beating, that can modulate the conductance of a photoconduc-
tive switch at the THz difference frequency. Moreover, the far-
infrared laser also can be used as the source.21 Different with
CW THz transmission imaging system, the CW THz wave
mixing spectrometer. (B) THz-TDS system.

RSC Adv., 2019, 9, 9354–9363 | 9355
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Fig. 2 Schematic illustration of THz imaging system. (A) TPI reflection system. (B) The CW THz imaging system in transmission geometry.
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produces reections on the sample surface in the CW THz
reection imaging system.22 For CW system, since the source
spectrum is narrow and sometimes only the intensity infor-
mation is useful, the data structures and post-processing are
relatively simple, also making it conned to the applications.
Meanwhile, it is possible to drive a whole CW system just by
laser diodes, thus it can be made much compact and
inexpensive.
4. Applications of terahertz
spectroscopy in cells detection

Rapid and accurate detection is extremely important for early
diagnosis, cell activity monitor, and human health care. The
existing cell detection methods are mainly dependent on
labeling technology, such as ow cytometry, uorescence
molecular tomography and multiphoton microscopy, with high
sensitivity, precision and selectivity. However, inevitably, these
methods require chemical or biological labeling, such as uo-
rophores or nuclides, which can directly affect the biological
activity and function of living cells, fundamentally limiting the
ability of existing cell detection to molecular level resolution.
What's more, although the label-free cell detection method
including various optical, electrochemical and piezoelectric
technologies has been applied widely, potential radiation
hazard and limited sensitivity still make them controversial.
Overall, an alternative method for a label-free and non-invasive
cell viability evolution is urgently needed for life sciences.

Based on emerging instruments, highly resolved THz spec-
troscopy is developing into an optical, non-invasive, label-free
and reagent free technique, which can be utilized for detec-
tion and identication of living cells. Due to its unique features,
THz spectroscopy has shown potential in living cell detection
(Table 1):
4.1 Terahertz spectroscopy of cancer cells

Cancer is the most common cause of death since 2010 and one
of the leading causes of mortality throughout the world.23 For
cancer treatment, early diagnosis and regular monitoring are
effective methods to reduce mortality. Recently, monitoring the
slight change in cancer cells at early stage has been realized
9356 | RSC Adv., 2019, 9, 9354–9363
with THz pulsed spectroscopy based on identication of char-
acteristic cancer spectral lines.24 The fact of apparent optical
properties distinction between normal and diseased tissue cells
has major signicance in tumor identication on various
stages.25 Moreover, the new THz spectroscopic system with high
spectral and spatial resolution was demonstrated in application
for measuring slight changes in cell monolayer, realizing
quantitative analysis of cancer cells.25

Importantly, the application of THZ systems in hydrate state
in human cancer cells has been reported widely. The hydration
state in living cells has been proved to be associated with
various cellular activities. Compared with normal cells, there
are more free water and less bound water in the cancer cells.
Importantly, the degree of cell hydration increases with the
malignancy degree of cancer cells, indicating that intracellular
hydration might be a primary factor in carcinogenesis.26 The
phenomenon have been explained increased hydration could
facilitate the acceleration of intracellular processes, for example
respiration, that can enhance the competitive edge of a cancer
cell for using nutrients.27

In the past decade, growing evidence has demonstrated the
advantages of THz spectroscopy for detecting intracellular
hydration in cancer cells.28 First and foremost, the relaxation
process and intermolecular stretching vibration modes of
intracellular water molecules are in the picosecond or sub-
picosecond range, which match exactly the range of the THz
wave. Thus it have been demonstrated that the dielectric
response of the cell can reect particular water dynamics by THz
spectroscopy (Fig. 3A).29 Secondly, THz spectroscopy can be
used to evaluate the hydration status of tumor cells without
complicated hydrogenation/deuterium replacement or cryo-
genic treatment. Thirdly, the electron energy of THz wave is low,
so it will not cause obvious damage in the process of measuring
the tumor cells and can observe the hydration state of the cells
under physiological condition. Fourthly, THz time-domain
attenuated total reection (THz TD-ATR) spectroscopy can
overcome the strong absorption of THz wave in liquid-phase
environment, suitable for the detection of free water content
in tumor cells.

Therefore, THz spectroscopy is highly suited for identifying
cancer cells by signal characteristics, real-time monitoring the
tiny structural changes and understanding the activities of
This journal is © The Royal Society of Chemistry 2019
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Table 1 Features of THz spectroscopy for living cell detection

Features Explanation Benets References

Low photon energy THz radiation is insufficient to
cause chemical damage to
molecules, or knock particles out of
atoms

Non-invasive method Calvin Y et al. (2012)2

Sensitive to water molecules Water molecules are signicantly
more absorptive than common
macromolecules

Monitoring cellular activity and
accessing the living state of cell
according to different hydration

Yang et al.(2016)4

Precision of data analysis Both amplitude and phase of the
THz radiation can be obtained
simultaneously

Precision analysis of spectral
parameters

EI Haddad et al.(2013)1

Spectral ngerprint THz spectroscopies of different cells
are unique and can be utilized as
ngerprint

Distinguish different cells Wang et al.(2010)3
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tumor cells by studying intracellular water dynamics in tumor
cells. The entire process has the characteristics of real-time,
rapid, label-free and non-invasive, which could lead to the
development of novel tool for clinical analysis.
4.2 Terahertz spectroscopy of blood cells

Blood constants of qualitative and quantitative information
about essential substances and waste products in the body can
facilitate early diagnosis of several diseases, including cancer.
Fig. 3 (A) The real part of the complex dielectric constants of distilled wa
(B) The absorption coefficient for water, plasma, blood and RBCs. (C) A sc
in solution environment. (D) THz transmission with and without the de
environments.

This journal is © The Royal Society of Chemistry 2019
However, the study of THz spectroscopy to character blood cells
has not been found widely in the literature. As THz radiation is
highly absorbed by water which is one of themain constitutes of
blood, the THz spectrum of blood are decided by water and not
have any specic spectral feature useful for clinical application.
Indeed, no signicant difference in spectral between blood
serum and water has been found between 50–650 cm�1.

Nevertheless, the researcher further investigated the spec-
troscopy features of various blood cells, attempting to nd
ter, DLD-1, HEK293 and HeLa detected by THz TD-ATR spectroscopy.
hematic of specifically selective bacteria detection using metamaterial
position of E. coli using the functionalized metamaterials in aqueous

RSC Adv., 2019, 9, 9354–9363 | 9357
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certain signatures for particular types of biological cells. The
study showed that different blood cells have their spectroscopy
features in the THz range, and excellent linearity can be ob-
tained between THz signals and erthrocyte concentrations
(Fig. 3B),30 demonstrating a new method to qualitative and
quantitative analysis of blood cells. Meanwhile, with the
increasing interest and prospect on THz radiation for clinical
application, we need to ensure that the energy absorption in
human cells does not cause damage to cells.
4.3 Terahertz spectroscopy of bacteria

With the growing applications of THz technology for bacterial
detection, researches on understanding of contributions from
major structural components into the signature of the whole
bacteria or spore have been raised. Based on small size and low
absorption coefficient of the bacteria or spore, THz radiation
can propagate through an entire object, allowing bacterial
components contribute to the THz signature of objects.31

Subsequently, extensive research at the bacteria, spore and
bacterial components aspects were conducted to realize quali-
tative and quantitative analyses of bacteria.

The spectral features of bacteria or spores mainly are deter-
mined by bacterial components, such as DNA, dipicolinic acid
(DPA) and metabolites. In particular, the DNA of bacterial cells
and spores might be essential for their THz signature. A study
found that B. subtilisDNA and spores revealed common features
in the THz spectra.32 Moreover, based on the apparent similarity
for E. coli DNA and cells in the absorption spectra, it has clearly
demonstrated the signicant contribution of DNA to the overall
spectra of the cell, and further was attributed to the strong
absorption of hydrogen bonds in DNA.

The spectral features of DPA have also been studied in detail.
As a unique component of bacillus spores, an increasing
number of evidence indicated the possibility to detect Bacillus
spores through DPA detection. DPA shares common spectral
features between Bacillus thuringiensis and Bacillus globigii.33

Specically, the distinct spectral signature at 1.54 THz of DPA
powder were in accord with the characteristic peak of B. subtilis
spores in the 1.538 THz.34 Similarly, study on intracellular
metabolites also revealed that B. subtilis cells and the intracel-
lular metabolites have distinctive absorption features in the
THz range,3 which may attribute to the strong absorption of
riboavin in the intracellular metabolites.35 However, although
the absorption spectra of B. subtilis spores and cells were closely
correlated, there were distinguishing features because spores
have more compact structures than vegetative cells.36

The spectral features of bacteria have also been studied
generally. The initial study using Bruker FTIR spectrometer
demonstrated that transmission spectra can be measured at
a temperature of 1.7 K between 3 cm�1 and 10 cm�1 for Erwinia
herbacea and Bacillus subtilis lyophilized cells. Moreover, FTS in
the frequency region of 10–25 cm�1 is sensitive enough to reveal
characteristic spectral features of bio-cells in different envi-
ronment, different types of bacteria, and viable and dead
bacteria.37 In 2013, a high resolution of 0.3 GHz Asia-Pacic
Hertz vibration spectrum sensor prototype was built, making
9358 | RSC Adv., 2019, 9, 9354–9363
the required sample content from the order of milligram to
nanogram level.31

In addition, qualitative and quantitative analyses of bacteria
have been realized with the detection limit of 104 cfu ml�1 ob-
tained through THz ber by THz biosensors, which reached the
sensitivity of the existing detection method. Quantitative
detection of different bacteria has also been realized by THz
plasmonic antennas, on the basis of their different dielectric
responses in the THz range.38 Moreover, the sensitive detection
of bacteria in both ambient and aqueous environments is
feasible using THz metamaterials (Fig. 3C and D).39,40 A THz
metamaterial based on the SRR pattern of 550 mm high-
resistance silicon substrate was used for high-sensitivity
detection of bacteria in solid and liquid phase.39,40 Another
application of THz biosensing is to provide an insight into the
spectral differences between living and dead bacteria as a result
of the irreversible transformation of cellular component
structures.36
4.4 Prospective opinion

Despite the enormous potential for clinical detection on the cell
and bacteria, THz spectroscopy is still at early stage of devel-
opment. The “Spectral Fingerprint Database” is a prerequisite
for the identication of unknown object. However, it's very
essential to establish a standardized detection system that can
break through the bottleneck. On the other hand, it is difficult
for the researchers to solve the problem of screening the target
spectral ngerprints from complex backgrounds and eliminate
the interference signals. Although the existing Fourier trans-
form infrared spectroscopy and THz-TDS systems failed to meet
the requirements, the THz plasmonic antennas and meta-
material may realize, on the basis of their different dielectric
responses in the THz range. Therefore, the establishment of
high sensitivity and high specicity THz sensor will be the
future development direction of THz wave for the cell detection.
5. Applications of terahertz
spectroscopy and imaging in tissue
5.1 Terahertz spectroscopy of tissue

With the elevated interest to develop THz technology, it has
facilitated that THz spectroscopy can be applied to detect and
differentiate healthy, dehydrate, burned and pathological
tissues. Due to the unprecedented ability to operate on the same
timescale with the vibrational motion of water and biomole-
cules on the subpicosecond to picoscenond, THz spectroscopy
permit time-resolved of these dynamic.41,42 Moreover, THz
spectroscopy also permits the measurement of amplitude and
phase information, which is directly related to the absorption
coefficient and index of refraction of tissues. THz spectroscopy
shows its potential for tissue detection because of these
features.

However, the major component of fresh tissue is water, such
as skin tissues (�70% by volume), exhibiting strong absorption
at THz frequencies (ua ¼ 300 cm�1, at 1.5 THz).42 To avoid the
effects of strong optical absorption of water, different tissue
This journal is © The Royal Society of Chemistry 2019
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preparation methods have been developed, such as paraffin,
frozen and formalin xed tissues. Recently, paraffin-embedded
tissues from cancer patients appeared to display higher
absorption coefficients and refractive index than healthy tissues
(Fig. 4A).43 Furthermore, snap-frozen tissues were also
frequently measured to reduce the inuence of water, and
numerous data revealed that Alzheimer's patients' tissues dis-
played less absorption than normal tissues.44

Similarly, the strong optical absorption of water cause only
a few millimeters penetration in biological tissues, so the
application of THz in vivo spectroscopy still remain in the
surface of biological tissues. Meanwhile, the property of strong
water absorption is also benecial because it provides a sensi-
tive method for so-tissue contrast. Signicantly different
absorption coefficients and refractive indexes can be shown
among various skin tissues (Fig. 4B).45 Specically, the different
dielectric parameters of healthy skin, dysplastic nevus and non-
dysplastic nevus clearly demonstrates the possibility for early,
non-invasive diagnostics of pigmentary skin nevus.46
5.2 Terahertz imaging of tissue

THz transmission-based imaging has been used to examine the
dynamics of water, biomolecules and biological tissues. Simi-
larly to THz spectroscopy of tissue, the THz transmission-based
imaging is generally performed on either lyophilized tissues or
thin tissue slices (100 mm).47–49 Themain problem of themethod
is greatly affected by the hydration level and morphology of the
tissue, reducing the accuracy of the measurements. For exactly
these factors, reection geometries are preferred for both in vivo
and in vitro THz measurements of biological tissues.

Several reection-based THz imaging systems have been
developed for the non-invasive detection of bio-tissues which
are widely used to compare water content changes, to diagnose
specic types of cancer and to assess the depth and severity of
burned tissues. Because the cancerous or other diseased tissues
can contain higher water content as a result of increased
Fig. 4 The absorption coefficients of tissues. (A) The absorption coeffi
permittivity of dysplastic nevus, non-dysplastic nevus and healthy skin.

This journal is © The Royal Society of Chemistry 2019
vascularity or edema, THz imaging has shown potential in
differentiating tissue types. Meanwhile different healthy organs
have been distinguished between rat tissues by TPI reection
system. Moreover, a recent simulation study found that InN-
enhanced THz imaging enables ultrahighly sensitive diagnosis
of early-stage skin cancer based on tiny water content changes.50

The water contents of blood vessel and corneal tissue were
also clearly resolved using a THz imaging system, promising in
vivo applications for the long-term monitoring the blood
change and quantitative measurements of corneal tissue water
content.51–53 Furthermore, the difference among various
tissues is still signicant aer formalin xing, suggesting that
the difference is not only due to changes in water content, but
also structural changes. Moreover, based on higher THz
reection intensities, fresh human early gastric cancer tissues
have been distinguished from normal mucosa, that ts well
with the pathological images, except for signet ring cell
carcinoma (Fig. 5A).54 Notably, it's successful that the imaging
of human hepatocellular carcinoma tissue has been obtained
using CW THz digital in-line holography in the absorption and
phase-shi distributions (Fig. 5B).55 What's more, by rejecting
Fresnel reections without the sample information coming
from the glass–air interface, the cross-polarized THz image of
nonmelanoma skin cancer displays the approximate location
of the tumor clearly.56

Due to its limited penetration depth, THz in vivo imaging
has mainly been applied to epidermal tissue and achieved
several meaningful breakthroughs. Uniformly, water absorp-
tion plays a dominant role in shaping the variable angle
ellipsometry or polarized reectometry THz spectrum in
a human skin layer model.57,58 Experimentally, dynamic
changes of reected signal in rat skin burns were clearly
observed by THz in vivo imaging, which satises an imperious
need in skin burn assessment.50 What's more, it's potential to
integrate the THz imaging into regular endoscopic system,
which promotes the development of THz technology in clinical
application.59 At present, the hypothesis have been performed
cient of glioma and normal tissue. (B) The real of the THz dielectric
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Fig. 5 The THz image of tissues. (A) Tissue from early gastric cancer. (B) THz in-line hologram of human hepatocellular carcinoma tissue by
phase-shift distribution reconstructing.
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by four procedure in sequence, showing the sensitive
screening for colorectal cancer.60
5.3 Prospective opinion

For tissue detection, THz imaging has great potential for
clinical application, whose critical advantage is without radi-
ation hazard, compared with traditional imaging methods,
such as X-ray scanning, magnetic resonance imaging (MRI)
and so on. Moreover, for supercial neoplasms, the penetra-
tion depth of THz imaging is more matched than the MRI,
with the ability to develop clinical imaging detection in real-
time, non-destructive and visual that can combine with THz
spectroscopy or endoscopic system. Despite these impressive
breakthroughs, some inherent limitations in tissue detection
by THz technology still exist, the most serious of which is
imperfect formalized standard for handling and preserving
samples.47
6. The bio-security of THz technology
applications

With the rapid development of THz technology, investigating
the biological effects of THz radiation is becoming more crit-
ical at the level of organs, tissues, cells and biomolecules. At
the organism level, THz irradiation can cause several effects,
but it poses a slight potential health hazard. A study in
a mouse model found that high-power density THz exposure
(0.15 THz, 3 mW cm�2, 60 min) can increase levels of
depression.61 Similar studies in mouse skin also revealed that
THz irradiation can cause inammatory responses (2.7 THz,
260 mW cm�2, 30 min) and perturbation of the woundhealing
(2.5 THz, 0.32 mW cm�2, 60 min),62,63 there was no change in
temperature of the skin of mouse that was exposed to THz
radiation. Moreover, no obvious temperature change and
tissue damage were observed in Drosophila melanogaster and
rats under THz irradiation.64,65

The inuences of THz irradiation at tissues and cells have
also been studied indicating that tissue damage and cell
death can result from the thermal effects of high-power
9360 | RSC Adv., 2019, 9, 9354–9363
densities. An in vitro study found that high-power density
THz exposure (0.1–1.0 THz, 2000–14 000 mW cm�2) could
produce tissue damage in wet chamois cloths at a damage
threshold of 7160 mW cm�2,66 with an obvious temperature
rise. However, low-power density THz exposure (1.89 THz,
189.92 mW cm�2), can't induce tissue damage in porcine skin.
Besides, similar studies on cells revealed that high-power
density (2.52 THz, 84.8 mW cm�2) THz exposure induced
almost 10% cell death and increased the temperature by
3 �C.67 By contrast, low-power density THz exposure (0.02–0.37
mW cm�2) caused no adverse effects on the morphology,
proliferation, or differentiation of human ocular cell lines and
embryonic stem cells.68 It should be mentioned that cell
membrane structural and functional properties can be altered
under THz irradiation under 30 to 300 GHz via non-thermal
mechanism.69

Several researchers have proposed that low-level THz irra-
diation may induce non-thermal effects at the molecular level,
wherein THz radiation induced low-frequency collective
biomolecular vibrations.70 At a molecular level, when biolog-
ical tissues were exposed to THz irradiation, biological mole-
cules underwent conformational changes and/or denature,
such as DNA damages,71 gene expression alterations,72 and
protein changes.73 However, a recent study indicated that no
obvious DNA damages or negligible gene changes in the 2.3
THz.74 However, the energy of the THz pulses used in typical
THz biomedical applications and representative laser-based
THz-TDS systems was several orders of magnitude lower
than these reported above. Thus, during real applications,
temperature increase in the human body would be
negligible.70

To sum up, whether THz radiation can threat to bio-
security is still inconclusive. According to the present
studies, the biological effects of THz radiation depend on
irradiation parameters including frequency, power, and time
and so on, and types of the biological target. Of particular
concern is that THz radiation at high-power density can
cause thermal effects, which is essential for fully under-
standing the biological effects. Although the common THz
pulses used in typical THz laboratory is too low to cause
This journal is © The Royal Society of Chemistry 2019
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serious effects, it's very necessary to properly protect security
of experimenters.

7. Challenges and future directions

Although THz technology has shown great potential in
biomedical research, there are still several challenges need to be
solved before this technology can be widely applied in clinical.
Firstly, the detection sensitivity of THz wave does not meet the
special requirements of living cell detection, because the
physical diffraction limit and THz wavelength (0.03–3 mm) is
larger than the resolution of live cell detection in the micron or
even nano-order. Therefore, how to break through the diffrac-
tion limit and improve the detection sensitivity always is the
technical bottleneck faced with THz technology in the biological
detection.

Secondly, the specicity of detection of THz waves is limited
by the complexity of detecting environmental conditions. Bio-
logical samples oen contain different living cells, and a large
number of macromolecules in both inside and outside the cell,
which always can produce some serious signal interference,
leading the signal interference and annihilation of the target.
Therefore, how to use effective technical means to analyze the
spectral characteristics and images from the detection results is
a scientic problem that THz technology must be solved.

Thirdly, the water sensitivity of the THz wave is a technical
problem in living cell detection. As the THz wave is very sensi-
tive to water, the previous studies are mostly limited to the
analysis of molecules, cells and tissues under solid or dry
conditions. The water-rich human biological samples and the
water vapor interference in the environment are the major
problems in detection. Thus, the cell's THz wave detection must
overcome the water sensitivity of the detection signal interfer-
ence and annihilation.

Last but not least, biological safety of THz irradiation is still
a lack of scientic experimental basis. THz wave photon energy is
very low, once considered to be safe on cells, tissues, and even the
human body. However, recent studies have shown that THz
irradiation with specic intensity and irradiation time can lead to
a certain degree of variation in the genome, proteome and tran-
scriptome of cells and tissues, so researchers began to reconsider
the bio-safety of THz irradiation in biomedical applications areas.

In spite of these challenges, the corresponding break-
throughs have been made in recent years. Taking advantage of
evanescent wave, the THz attenuated total reection spectros-
copy has achieved the non-invasive, in situ, and real-time
investigation of cytoplasm leakage and the monitoring of cell
hydration state. In addition, based on kinds of burgeoning
meta-materials, the biosensors for qualitative and quantitative
detection of bacterial and cell hydration state analysis are
developing rapidly, expected to supplement the routine clinical
detections.75 Recently, THz technology has been combined with
conventional endoscopic system, prospectively achieving the
imaging in real-time and visual during non-destructive detec-
tion and surgical operations. Thus, THz technology has made
the unprecedented progress, and is being developed into clin-
ical application step by step.
This journal is © The Royal Society of Chemistry 2019
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