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ABSTRACT: Within the field of terahertz science and technology, one of the most active areas of current research focuses on the
intersection of terahertz measurements and methods with the world of biology and medicine. Current activities revolve around
numerous diverse questions, ranging from studies of the vibrational spectra of biomolecules and macromolecular complexes to
biosensing to medical diagnostics based on noninvasive imaging techniques. Unlike many other areas in which terahertz science is
now making inroads, this research domain has been plagued with a number of misleading ideas, which originated at least two
decades ago and continue to crop up in current literature. In the worst case, these unfortunate notions can distract from, and even
obscure, fascinating and meaningful results. The purpose of this Perspective is to highlight a few of these mistaken concepts and,
more importantly, to distinguish them from the many interesting works that continue to emerge from the fruitful marriage of
terahertz with biology and medicine.
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I. INTRODUCTION terahertz sources,” terahertz cameras,’ and theoretical tools for
Over the last 30 years, there has been a significant maturation elucidating terahertz light—matter interactions.” All of these
of the field of terahertz science and technology. The state of efforts have substantially lowered the bar for entry into the
the art in the technology has progressed dramatically, affording field. As a consequence of this progress, the ideas of terahertz
far easier access for researchers in all fields to the terahertz science have found their way into many different disciplines.
spectral range (roughly speaking, 1—200 cm™)."> When the Inevitably, this has produced some exciting results, as well as
authors of this Perspective first began their research careers in some with more dubious value.

terahertz science, the spectrometers, based on the technique of In this Perspective, we have chosen to focus on one of the
time-domain spectroscopy, required femtosecond mode-locked more challenging (and perhaps controversial) of these areas,
dye lasers, pumped by large-frame argon ion lasers.” Today, which is the application of terahertz techniques in biology and
these cumbersome and challenging lasers are long gone, medicine. Terahertz measurements of biomaterials are

replaced by more compact and robust mode-locked solid-state
or fiber lasers. This transition was key to the commercialization
of terahertz spectrometers, which began in about 2000."
Today, there are at least eight companies selling time-domain
spectrometers, for a wide variety of uses in both commercial
and academic settings. Meanwhile, the excitement surrounding
time-domain spectroscopy quickly inspired similar progress in
other areas of terahertz technology. Since about the year 2000,
major steps have been taken in the maturation of solid-state
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Figure 1. Room temperature absorption spectrum of liquid water in the terahertz range, in the lower portion of the frequency range (left) and the
higher portion (right). Left panel: Measurements obtained using several different techniques. Reproduced with permission from ref 8. Copyright
2006 AIP Publishing. Right panel: Blue curve: experimental absorption spectrum of liquid H,O. Green curve: experimental absorption spectrum of
liquid D,O. Red curve: ab initio molecular dynamics (AIMD) simulation. The inset shows the comparison to AIMD over a larger frequency range.
Adapted with permission from ref 9. Copyright 2010 NAS. Note that the spectrum is essentially featureless and monotonic at all frequencies below
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Figure 2. A comparison of the absorption spectra for crystalline and amorphous glucose. The peaks in (a) are not associated with motions of a
single molecule, but rather with lattice vibrations. In a disordered system of the same molecule, these vibrational signatures are absent. Adapted

with permission from ref 27. Copyright 2003 Elsevier.

with this energy range. Intermolecular and intramolecular
vibrational and librational excitations often lie in this range.
Further, if chemically or biologically relevant contrast can be
established, THz could then be broadly applied without
concern of specimen damage, as the photon energy is well
below that of chemical bonds. The key challenge here is
relatively easy to understand: biology happens in water, but
liquid water absorbs quite strongly across the entire terahertz
range. This absorption coefficient is frequency dependent,
increasing smoothly and monotonically up to about 5 THz
(167 ecm™),*? as shown in Figure 1. Yet, even at a relatively
low THz frequency, say 0.5 THz, the penetration depth of
radiation into liquid water is quite small, only 63 ym (at 22
°C).” While this is not the only issue, the extremely large
attenuation due to the absorption coefficient of liquid water is
an ever-present consideration in any discussion of spectrosco-
py or imaging of biological media. Obviously, since living tissue
is not the same as pure water, the penetration depth is
correspondingly larger, reaching as high as ~200 ym at 0.5
THz for healthy skin tissue.'’ While indeed larger, this is still
the dominant limiting factor both in interpreting spectroscopic
results and in biomedical applications. In the case of tissues,
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the issue of scattering from wavelength-scale inhomogeneities
becomes increasingly important, as this scattering can not only
attenuate the signal reaching the detector, but can also obscure
spectroscopic signatures, or even induce false ones."'

In recent years, there have been a number of review articles
on the general topic of terahertz applications in biology and
medicine.'””"* Here, we take a somewhat different approach
from most of these earlier reviews. As this is a Perspective,
rather than a review, we do not aim to provide a
comprehensive overview. At this point, the field is simply too
large, and the reported results too numerous, to do so. Instead,
we begin our discussion by advancing the notion that at least
some (though by no means all) of the publications in the field
contain misleading assertions or irreproducible results. As a key
illustration of this unfortunately not-uncommon issue, we
consider the question of the existence in the THz range of
spectrally narrow, well-resolved vibrational resonances in
biological media. Despite numerous claims to the contrary,
in both older'® and more recent'””'® publications, condensed-
phase material systems that lack long-range crystalline order
(including living cells and tissues, as well as biological
molecules in solution or randomly aggregated on a surface)

https://doi.org/10.1021/acsphotonics.2c00228
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simply cannot exhibit well-resolved peaks in linear absorption
spectra at frequencies up to a few terahertz. Such claims
abound in the literature (e.g, refs 15, 19, and 20), generally
without the minimal corroborating evidence of being
reproduced by independent researchers in a different lab,
suggesting that reports of these resonant features are easy to
publish, if not easy to substantiate. As another example, a
theoretical discussion from about 10 years ago of the effects of
terahertz waves on DNA®' has become quite influential,
although the analysis treated the molecule classically and
ignored such basic physics as intramolecular vibrational
relaxation and the coupling of the solvated DNA molecule to
the surrounding water bath. As a result of these over-
simplifications, the conclusions have no implications for the
real world. Yet, the paper (and subsequent press coverage™”)
has led many to the erroneous implication that terahertz
radiation can “unzip” DNA molecules in living cells. Even
today, many calculations of vibrational modes of molecular
solids are based on an analysis of the molecule in the gas phase,
neglecting interactions with its environment,””** an approach
that is well-known”>*® to produce inaccurate and often
meaningless results. Unfortunately, these false notions persist
in the zeitgeist.

The idea that noncrystalline condensed-phase systems can
exhibit well-resolved THz resonances in measured absorption
spectra represents a profound misunderstanding of the nature
of light-matter interactions in this frequency range. Of course,
resonant absorption features can (and do) exist for individual
molecules in the gas phase, where rotations (or motions
associated with coupled rotational—vibrational excitations) are
not hindered by steric interactions. However, for small
molecules (<1 kDa) in condensed phases, these unhindered
motions become highly overdamped, and the resonant peaks
disappear, replaced by broad featureless continua, or (in the
case of crystalline materials) by collective vibrational modes
associated with long-range order (ie., lattice phonons; see
Figure 2). In large biomolecules in solution or in a
noncrystalline state, underdamped intramolecular vibrations
can exist, but they are always embedded within a highly
congested spectrum reflective of a continuum vibrational
density of states, such that individual modes can never be
spectrally resolved in a conventional linear absorption
measurement. This key distinction between ordered crystalline
materials and other condensed-matter materials has been
clarified over the last two decades in several works using both
terahertz techniques’” and other methods.*®

In fact, this idea is not the only misleading notion to be
found in the recent literature. Another disturbing discussion
centers on the nonthermal alteration of biological processes by
exposure to THz radiation. It is of course well-known that
illumination of any absorbing medium by an electromagnetic
wave can produce heating, and that changes in temperature can
influence many biological processes. For long-wavelength
radiation, where the photon energy is far below that needed
to induce chemical reactions (e.g, bond energies), and even
below that of thermal photons at ambient temperature, one
might wonder if any nonthermal mechanisms exist that can
induce any biologically relevant changes. This question has
been the topic of extensive studies for many years at lower
frequencies29 and also, more recently, in the THz regime.‘?’o_‘?’2
In most of the cases when the data have been interpreted to
show a nonthermal effect arising from exposure to THz light,
the experiments did not employ the needed controls and
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statistics to rule out a more prosaic interpretation, such as
heating.”>~*" These are exceedingly challenging experiments,
as (for example) it is almost impossible to rule out the
possibility of spatially nonuniform transient heating with
significant temperature variations on a subcellular length
scale. Most notably, none of the purported nonthermal effects
have ever been verified by a second independent research
laboratory, and no plausible underlying mechanism has been
proposed for how such effects could be induced by photons
with only a few millivolts of energy. Field-induced effects such
as electroporation are of course a different matter and are
addressed in more detail in Section V.

To be clear, none of the above critiques are intended to cast
aspersions on the motivations of any researcher in the field.
Even the most well-intentioned scientist (including, for
example, one of us) can be mistaken or misled, and find
himself as a coauthor on a paper containing claims that are just
flat-out wrong.*' The point here is not to scold, but to caution.
Many current articles, even those containing solid and
reasonable science, continue to cite papers containing these
incorrect results,*”~** perpetuating their misleading influence
on the field.

Having said all of that, we do not wish to convey the
impression that the entire field of THz biology is meaningless.
Although there are a number of published articles containing
claims that are based on either ruthlessly oversimplified
computational models or obvious errors in experimental
technique or data analysis, it would be most unfair if these
unfortunate examples tainted the entire field. Indeed, the goal
of this Perspective is to highlight some of the excellent research
that has been, and continues to be, reported in the field. We
will describe a few truly innovative approaches to mitigating
the challenges noted above, which have enabled THz
measurements that have revealed new science about bio-
logically relevant material systems. The marriage of terahertz
with biology is indeed exciting, and with proper caution about
extraordinary claims, one can easily cite many fascinating
results. In this Perspective, we discuss a few examples and
speculate about the most promising future directions.

Il. BIOMEDICAL IMAGING

The first and perhaps most obvious idea in the application of
terahertz techniques to problems in medical science involves
the generation of images. This idea has some intrinsic appeal;
for one, terahertz radiation is inherently nonionizing. Unlike X-
rays, there are no cumulative effects of exposure, and short-
term exposure limits are determined only by tissue damage that
would result from heating. Indeed, the low penetration depth
implies that exposure to terahertz radiation is even safer than
exposure to RF or microwave radiation, since the thermal
damage would be limited to only the uppermost skin layers.
The earliest work in this area focused on the identification of
subcutaneous dermal carcinoma. The goal was to provide a
noncontact method for defining the extent of a tumor, avoiding
the need for histological analysis."> Numerous similar studies
have been performed more recently, for example on excised
breast cancer tissue s.amples.46 While initially promising, this
idea has not been widely adopted. The contrast mechanism in
such images is likely associated with a change in tissue water
content, due to the increased vascularization of cancerous
tissue compared to healthy tissue. An image based on water
content does not contain a lot of information, as this is a pretty
nonspecific contrast mechanism. This fact, combined with the
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Figure 3. Burns imaged in reflection using terahertz pulses. Panels (a), (c), and (e) show burns of increasing severity, imaged over the course of
several days. Panels (b), (d), and (f) show the evolution of a hyperspectral metric defined in ref SS, which offers the possibility of noncontact
discrimination of burn severity. Adapted with permission from ref 55. Copyright 2022 Wiley; https://creativecommons.org/licenses/by/4.0/.

issues of absorption and scattering noted above, have so far
limited the value of this diagnostic approach. Nevertheless,
several interesting in vivo imaging studies based on this
contrast mechanism have been reported,”” and it could be that
this idea will eventually prove valuable.

We note in passing that the suggestion that one could obtain
more specific information through imaging of biomarker
concentration variations (by relying on resonant absorption
features of specific molecules) is often cited.'®*** But, that
proposal relies on the unfounded idea discussed above that
resonant absorption peaks of a molecule in the gas phase (or in
a crystallized solid state) persist even when that same molecule
is randomly dispersed in a liquid or other amorphous medium.

Beyond cancer detection, researchers have recently dis-
cussed several other ideas based on terahertz imaging for
quantification of moisture in exposed tissue, such as skin. One
interesting recent example involves the study of diabetic foot
syndrome, through reflection imaging of local water content on
the sole of the patient’s foot.”” Many diabetics experience a
loss of sensation in the lower limbs due to neurological
deterjoration, and this condition is accompanied by skin
dehydration. This condition is the most common cause of limb
amputation after traumatic accidents. A recent study of
diabetic foot involving terahertz imaging of 178 patients
represents the largest human population imaged with terahertz
radiation for medical purposes. This work demonstrates that
terahertz imaging can be a valuable tool for early diagnosis of
this debilitating condition.”’ Terahertz reflection imaging can
also be used for characterizing the water content of the cornea,
which could be valuable for early detection of a number of
different corneal diseases. This proposal was first advanced
about 10 years ago with ex vivo®” and then in vivo™ studies
and continues to be a topic of current research interest.”*

Another example in which noninvasive terahertz reflection
imaging measurements could be valuable is the noncontact
imaging of wounds to evaluate healing (potentially, without the
need to remove bandages).56 In the case of burns, there can be
an additional contrast mechanism, beyond just changes in
water content. Numerous skin structures, both at the surface
and buried in the tissue volume, are of the scale of the THz
wavelength in size. Burns can change the concentration of such
structures, producing a wavelength-dependent contrast mech-
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anism due to light scattering, that can be exploited in addition
to the (less wavelength-dependent) contrast due to hydration
level (see Figure 3).”” Following the first discussion of this
idea,”® a variety of in vivo studies on animal models including
rats®” and pigs56 have established the possibility of measuring
burn depth using terahertz techniques, which can be difficult to
assess by other methods in a clinical setting. Terahertz
reflection studies also can distinguish between third-degree
“full thickness” burns and less severe burns in a noncontact
fashion, through measurements of water depletion and
accumulation in the minutes and hours immediately after the
injury.60

Ill. BIOMOLECULAR DYNAMICS

The very strong absorption of liquid water mentioned above
can, in certain cases, be exploited in interesting ways. For
instance, THz spectroscopy is now used somewhat routinely to
characterize water structure and dynamics on different length
scales. A well tested multicomponent model for the dielectric
response of water along with the development of precision
measurements techniques, have led to methods for determin-
ing the number of water molecules strongly bound to a
biological membrane or biomolecule,®®* the effective extent
of the solvation shells for different structural motifs, and
secondary structure content, all without the need for tagging
with local probes.”®> While local probes such as time-resolved
fluorescence® can provide detailed information about the
heterogeneous water structure, broadband THz measurements
can distinguish multiple contributions to the response
including local, intermediate range and long-range effects.®®
Even though the technique is nonlocal, some surface resolution
can be attained by local perturbation comparisons such as
ligand binding, and reorganization time scales can be
determined using pump—probe techniques.’® In such measure-
ments, THz absorption sensitivity to solute concentration due
to changes in bound water fraction are subtle; results obtained
over only a single decade of frequency range, or single path
length cells, are unlikely to produce reliable results.

Of course, there is keen interest in whether THz can provide
any unique insight into the dynamics of biomacromolecules
themselves. While investigators had shown that collective
vibrations of structured biomacromolecules such as RNA
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vibration’s dipole transition vector. (b) The isotropic (blue, left axis) and anisotropic (red, right axis) absorption spectra for lysozyme. Adapted
with permission from ref 67. Copyright 2021 American Chemical Society.

polynucelotides and ]Zoroteins can indeed be underdamped even
in aqueous solution,”**”"* experimental characterization has
been extremely challenging because of their dense vibrational
density of states (VDOS) and their small THz absorption
strength (relative to water). Standard linear scattering and
absorption measurements of solvated proteins reveal a broad
smooth and mostly featureless response, as in the left axis data
in Figure 4b.”>”* Nevertheless, THz measurements of hydrated
powders, hydrated films and solutions have provided insight
both into hydration and structural dynamics.””~*" An out-
standing question for molecular biology is whether and how
biomolecular vibrations impact biological outcomes. To
answer this question one must achieve some spectral
definition, as has been done with some success using, for
example, Mossbauer techniques.”’ One interesting method for
attaining vibrational selectivity in the THz range is polarization
spectroscopy, which can isolate the vibrations based on the
direction of their transition dipole moment. By measuring the
change in the absorption with polarization, the water
background can be removed and spectral structure reflecting
the directionality of the motions is attained. Figure 4a
illustrates the concept and Figure 4b shows how it increases
spectral structure, using a particular realization called
anisotropic terahertz microspectroscopy.’” Alignment of solute
molecules is most easily achieved using protein crystals, regular
arrays of molecules in a hydrated environment similar to a
crowded cell.*' However, robust modeling accounting for the
configurational heterogeneity of the molecules finds that the
anisotropic motions persist even in solution.®> Other
promising approaches include nonlinear correlation methods
such as 2D THz spectroscopy,” an emerging technique which
is now beginning to reveal important dynamical processes in
liquids.**

IV. BIOSENSORS

Over the years, there have been a very large number of studies
that have discussed the use of terahertz techniques for
biosensing, ranging from sensing of biomolecules and
biopolymers to sensing specific bacteria or viruses. As with
much of the work discussed above, there are some truly
interesting and innovative ideas here, but they are sometimes
obscured by other works containing claims that are
unsubstantiated, or just plain wrong. Recent publications, for
example, trumpet the claim that disease-causing viruses exhibit
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spectroscopic absorption features in the terahertz range that
can be used to detect the virus and even to distinguish one
virus from another, based on their terahertz spectroscopic
fingerprints.*>*® Such claims are mistaken, and should be
treated with an appropriate level of skepticism.

Because of the lack of terahertz spectroscopic features in
most biological systems, the primary method for biosensing is
based on changes in dielectric contrast. A typical strategy is to
employ an artificial structure such as a metasurface or a
nanogap array, which exhibits a spectrally narrow resonance in
the terahertz range. The introduction of a biological or
biochemical medium in the vicinity of the resonator can cause
a resonance shift, due to the changed dielectric environment.®’
This general scheme has been studied by many authors, and
can offer an impressive level of sensitivity."® However, this
scheme offers little specificity, since the only thing that is
measured is the average dielectric of the medium, usually at
just one particular frequency (the resonant frequency of the
artificial structure). Nevertheless, claims of specificity, even the
ability to distinguish different subtypes of a particular strain of
flu virus, can easily be found in the recent literature.”””’ These
claims are obviously incorrect; a featureless dielectric spectrum
cannot be distinguished from another featureless dielectric
spectrum by measuring their respective values at one particular
frequency. This is especially true in situations where the
strength of the interaction of the analyte with the resonant
structure is uncalibrated, due to factors such as the rapid spatial
variation of the local electric field, and the density of the
biological material (which correlates strongly with dielectric
constant for many liquids and amorphous materials in the
terahertz range”' and which is generally neither controlled nor
measured in sensors of this type).

Of course, enhanced specific detection of, for example, a
particular protein, can be achieved by functionalizing the
surface of the resonant sensor, or that of nearby metal particles,
with complementary binding sites’> via an immobilized
bioreceptor. This well-known approach is not specific to
terahertz sensing, and so it is unclear if it offers greater
improvement when compared to sensing modalities at other
wavelengths (e.g, conventional SPR sensors). Even so, the
strategy of employing a resonant light-matter interaction (to
enhance sensitivity) combined with analyte-specific binding
(to provide selectivity) has produced some interesting and
potentially promising results in the THz range. For example,
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Figure S. High magnification time-series images of a single motion-tracked microtubule (MT) highlights the structural disassembly of polymerized
and chemically stabilized MTs. Here, exposure to a 1 kHz train of picosecond THz pulses with peak electric field of ~230 kV/cm causes
disassembly of the MT within 11 min. Adapted with permission from ref 42. Copyright 2021 The Optical Society.

one recent study reports the sensitive and selective detection of
virus proteins, including that of SARS-CoV-2, using a THz
biosensor incorporating metallic nanoparticles functionalized
with the appropriate antibody to provide selectivity.”> One
intriguing advantage of using terahertz radiation for this
approach is that there is no need for an optical tag; a dielectric
change will always occur with binding.

Another strategy for biosensing relies on adapting micro-
fluidic platforms for terahertz spectroscopy. This approach has
the attractive feature that the path length of the terahertz beam
through the sample can be carefully controlled, and optimized
for aqueous solutions. Some of the earliest work on terahertz
microfluidics was focused on the study of nonpolar liquids
such as hydrocarbons,” for applications in the petrochemicals
industry. However, with a thin (~100 gm) sample path, the
attenuation due to the absorption by liquid water is
manageable, and changes in the attenuation due to the
introduction of solvated biomolecules, cells, or other biological
structures into the microfluidic chamber can therefore be
observed.” As noted above, these signatures are never in the
form of narrow resonant absorption peaks, despite some recent
(highly implausible) claims to the contrary.”® Even in a
microfluidic channel, solvated molecules cannot manifest
resonant absorption peaks at frequencies below S THz (and
neither can liquid water). Rather, the observed changes are
broadband and largely uniform across the frequency spectrum,
representing a shift in the overall average dielectric constant of
the liquid.”””® Such changes may be due to, for example, an
increase in the density of hydrogen bonds.” As a consequence,
careful calibration steps are required in order to extract
quantitative information from such measurements. The
combination of microfluidics with resonant structures such as
metasurfaces can provide enhanced sensitivity to these
dielectric shifts,'”" offering interesting possibilities for THz
biosensing in aqueous environments.

V. BIOMEDICAL THERAPIES AND APPLICATIONS

Another area of growing activity involves the general idea of
exploiting terahertz radiation for its therapeutic possibilities. At
first thought, this may seem highly implausible, given the small
penetration depth into living tissue, and the photon energy
which is far too small to induce any chemical reaction. Yet, at
either high power or high peak electric field, the possibility
becomes more plausible. In this context, we note that many
THz biomedical investigations have used the terminology
“nonthermal effects”. This phrase has been used with several
different meanings, so clarity of language is important. Earlier
in this Perspective, we used the term to indicate hypothetical
effects induced in cells by exposure to THz radiation that are
caused by some mechanism other than a change in
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temperature. However, others have used the same term to
acknowledge that high-power steady-state illumination with
THz radiation can lead to substantial heating relative to the
environment due to the strong absorption of the radiation by
liquid water.'”" The effects are “nonthermal” in the sense that
cells or tissues are locally heated by the radiation field, and are
therefore out of equilibrium with the ambient environment.
Such effects, which might more properly be termed “non-
equilibrium heating”, are of course quite plausible. They must
be distinguished from “photonic effects” which would involve
the excitation of an underdamped resonance at a particular
frequency (with the implication that illumination at other
nearby frequencies would have dramatically different ef-
fects).”>*” As noted above, these photonic effects are highly
implausible due to, among other things, the broad and
featureless absorption spectra of all forms of biological media.
Nevertheless, it is clear that THz radiation of sufficiently high
intensity can perturb cellular biochemistry by rapidly (and
perhaps nonuniformly) changing the local temperature
distribution experienced by cells.

A second mechanism involves the use of high-peak-field
pulsed illumination, where the average power in the THz beam
may remain low, but the peak electric field is large, on the
order of tens of kV/cm or larger (essentially, the regime of
nonlinear optics). In this case, several groups have demon-
strated nonthermal effects associated with the extremely large
electric field amplitude.'”*™'"* These results are exciting,
although independent verification and statistical reliability
remain lacking in most cases. We emphasize that such effects
are generally restricted to the case of illumination with
ultrashort (picosecond-scale) terahertz pulses. The reason for
this is simple: a continuous (not pulsed) electromagnetic wave
with a sufficiently large peak field of 10 kV/cm corresponds to
an intensity exceeding 100 kW/cm? well beyond the threshold
for thermal destruction. With the recent proliferation of
techniques for producing high-field picosecond THz pulses,
this field-induced mechanism, along with the nonequilibrium
heating mechanism described above, could provide unique
therapies if properly explored and developed.

A number of studies have shown transcription manipulation
with high field/high power THz illumination.'”>~'"” Recently,
several plausible (i.e.,, not relying on excitation of a particular
resonance) mechanisms have been proposed for the observed
effects. One involves the effects of rapid energy absorption in
the solvent, which can lead to local inhomogeneous heating as
well as impulsively initiated pressure variations.'”" Another
interesting possibility is that these short ultrahigh-field pulses
could induce spatially selective electroporation. Cell membrane
electroporation is a laboratory tool for transformation and
molecular insertion.'”® Studies have indicated an inverse
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relationship between the field strength needed for pore
formation and the pulse duration.'®"'° Moreover, there is
some evidence of electroporation using low-frequency
radiation,''"""* but the mechanism of the transcription
manipulation in the aforementioned studies has not yet been
firmly established. This approach could provide an exciting
tool for in vitro studies. However, with the rapid advance of
mRNA and Crispr Cas9 targeted expression technologies, it is
difficult to foresee therapeutic applications of uncontrolled
gene manipulation with THz radiation.

Finally, several studies have put forward the possibility of
locally inducing cell death, for example, in cancerous tissue,
using terahertz radiation. This would be based on manipulation
of actin or tubulin filaments,*""*''* as illustrated in Figure S.
The rapid localized heating/cooling of the solvent may provide
a mechanism for in vitro filament manipulation. In the case of
in vivo studies, the cells were illuminated with high field pulses
(~60 kV/cm), which is sufficient for some net polarization of
small molecules and also for electroporation, as noted above.
In this case, rapid changes in pH and ionic strength as well as
redistribution of cellular contents could contribute to the
observed changes. Regardless of the mechanism, the
application of these treatments to skin pathologies may
warrant further investigation.

VI. CONCLUSION

We hope that the above discussion has provided a useful
overview of some of the exciting and important ways in which
terahertz techniques are having an impact in areas relevant to
the biological sciences. Admittedly, our discussion has also
made note of some less inspiring examples. One may be led to
ask, why do such examples persist in the literature? Rather than
speculate as to the cause, we suggest that it would be more
productive to focus on the solution. We would, for example,
urge journal editors to reject any manuscript that claims to
have obtained biologically relevant information through studies
of dried films or lyophilized powders. Manuscripts that rely on
gas-phase calculations of terahertz molecular vibrational modes
to inform measurements of molecules that are not in the gas
phase should never be sent out for review. Data purporting to
show well-resolved and isolated absorption peaks due to
resonant vibrational motions in noncrystalline condensed-
matter systems should be viewed with the appropriate degree
of skepticism. Studies which claim to have observed non-
thermally induced changes in biological function from THz
exposure should be held to the same standards as are common
in the medical literature, with well-established guidelines for
statistics, double-blind studies, repeatability, and so on. These
and similar basic sanity checks, uniformly applied, would go a
long way toward resolving the issues noted here.

Ultimately, we are highly optimiztic and enthusiastic about
the current and future activities in this discipline. We feel that
THz techniques can provide answers to some vexing and
interesting questions, properly posed. For example, why is it
that the water librational and rotational relaxational excitations
exquisitely overlap the biomolecular intramolecular vibrations?
Why do biomolecules not have unique isotropic absorption
signatures? What contrast mechanisms other than water
content could be exploited for diagnosis of disease or injury?
Terahertz research may provide foundational understanding of
biomaterials, and could underpin valuable new technologies to
improve human health. As with many other areas in which
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terahertz science is making inroads, we look forward to an
exciting future.

B AUTHOR INFORMATION

Corresponding Author
Daniel M. Mittleman — Brown University, School of
Engineering, Providence, Rhode Island 02912, United States;
orcid.org/0000—0003-4277—7419;
Email: daniel mittleman@brown.edu

Author
Andrea G. Markelz — University at Buffalo, Department of
Physics, Buffalo, New York 14260, United States;
orcid.org/0000-0003-0443-4319

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphotonics.2c00228

Funding

D.M.M.: US. National Science Foundation; A.G.M.: U.S.
National Science Foundation, U.S. Department of Energy, and
National Institutes of Health.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We gratefully acknowledge the assistance of Peter Jepsen,
Hassan Arbab, Cameron Hough, and Martina Havenith for
providing the figures that appear in this article.

B REFERENCES

(1) Mittleman, D. M. Twenty years of terahertz imaging. Opt.
Express 2018, 26, 9417—9431.

(2) Dhillon, S. S.; Vitiello, M. S.; Linfield, E. H.; Davies, A. G.;
Hoffmann, M. C.; Booske, J.; Paoloni, C.; Gensch, M.; Weightman,
P.; Williams, G. P.; Castro-Camus, E.; Cumming, D. R. S.; Simoens,
F.; Escorcia-Carranza, I; Grant, J.; Lucyszyn, S.; Konishi, M. K.-G. K;;
Koch, M.; Schmuttenmaer, C. A.; Cocker, T. L.; Huber, R.; Markelz,
A. G; Taylor, Z. D.; Wallace, V. P.; Zeitler, J. A.; Sibik, J.; Korter, T.
M,; Ellison, B,; Rea, S.; Goldsmith, P.; Cooper, K. B.; Appleby, R;;
Pardo, D.; Huggard, P. G.; Krozer, V.; Shams, H.; Fice, M.; Renaud,
C.,; Seeds, A; Stohr, A,; Naftaly, M.; Ridler, N.; Clarke, R;
Cunningham, J. E.; Johnston, M. B. The 2017 terahertz science and
technology roadmap. J. Phys. D.: Appl. Phys. 2017, 50, 043001.

(3) Fattinger, C.; Grischkowsky, D. Terahertz beams. Appl. Phys.
Lett. 1989, 54, 490—492.

(4) Rudd, J. V;; Zimdars, D. A,; Warmuth, M. W. Compact fiber-
pigtailed terahertz imaging system: Proceedings Volume 3934,
Commercial and Biomedical Applications of Ultrafast Lasers II
Symposium on High-Power Lasers and Applications, San Jose, CA,
United States, SPIE, 2000; DOI: 10.1117/12.386344

(5) Kohler, R.; Tredicucci, A.; Beltram, F.; Beere, H. E.; Linfield, E.
H.; Davies, A. G.; Ritchie, D. A,; Iotti, R. C.; Rossi, F. Terahertz
semiconductor-heterostructure laser. Nature 2002, 417, 156—159.

(6) Nemoto, N.; Kanda, N.; Imai, R.; Konishi, K;; Miyoshi, M.;
Kurashina, S.; Sasaki, T.; Oda, N.; Kuwata-Gonokami, M. High-
sensitivity and broadband, real-time terahertz camera incorporating a
micro-bolometer array with resonant cavity structure. IEEE Trans.
THz Sci. Technol. 2016, 6, 175—182.

(7) Kleist, E. M; Ruggiero, M. T. Advances in low-frequency
vibrational spectroscopy and applications in crystal engineering. Cryst.
Growth Des. 2022, 22, 939—953.

(8) Xu, J; Plaxco, K. W.; Allen, S. J. Absorption spectra of liquid
water and aqueous buffers between 0.3 and 3.72THz. ]. Chem. Phys.
2006, 124, 036101.

(9) Heyden, M.; Sun, J.; Funkner, S.; Mathias, G.; Forbert, H;
Havenith, M.; Marx, D. Dissecting the THz spectrum of liquid water

https://doi.org/10.1021/acsphotonics.2c00228
ACS Photonics 2022, 9, 1117-1126


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+M.+Mittleman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4277-7419
https://orcid.org/0000-0003-4277-7419
mailto:daniel_mittleman@brown.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+G.+Markelz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0443-4319
https://orcid.org/0000-0003-0443-4319
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00228?ref=pdf
https://doi.org/10.1364/OE.26.009417
https://doi.org/10.1088/1361-6463/50/4/043001
https://doi.org/10.1088/1361-6463/50/4/043001
https://doi.org/10.1063/1.100958
https://doi.org/10.1117/12.386344
https://doi.org/10.1117/12.386344
https://doi.org/10.1117/12.386344
https://doi.org/10.1117/12.386344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/417156a
https://doi.org/10.1038/417156a
https://doi.org/10.1109/TTHZ.2015.2508010
https://doi.org/10.1109/TTHZ.2015.2508010
https://doi.org/10.1109/TTHZ.2015.2508010
https://doi.org/10.1021/acs.cgd.1c00850?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.1c00850?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2151267
https://doi.org/10.1063/1.2151267
https://doi.org/10.1073/pnas.0914885107
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c00228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

from first principles via correlations in time and space. Proc. Natl.
Acad. Sci. U.S.A. 2010, 107, 12068—12073.

(10) Prozheev, I V.; Smolyanskaya, O. A.; Duka, M. V.; Ezerskaya,
A. A; Orlov, V. V; Strepitov, E. A.; Balbekin, N. S.; Khodzitsky, M. K.
Study of penetration depth dispersion of THz radiation in human
pathological tissues. Progress in Electromagnetics Research Symposium,
Guangzhou China, Aug 25-28, 2014, IEEE, 2014; pp 1536—1539.

(11) Khani, M. E,; Arbab, M. H. Chemical identification in the
specular and off-specular rough-surface scattered terahertz spectra
using wavelet shrinkage. IEEE Access 2021, 9, 29746—29754.

(12) Siegel, P. H. Terahertz technology in biology and medicine.
IEEE Trans. Microwave Theory Technol. 2004, 52, 2438—2447.

(13) Parrott, E. P. J.; Sun, Y.; Pickwell-MacPherson, E. Terahertz
spectroscopy: Its future role in medical diagnoses. J. Mol. Struct. 2011,
1006, 66—76.

(14) Son, J.-H.; Oh, S. J.; Cheon, H. Potential clinical applications of
terahertz radiation. J. Appl. Phys. 2019, 125, 190901.

(15) Wei, L,; Yu, L; Jiaoqi, H.; Guorong, H.; Yang, Z.; Weiling, F.
Application of terahertz spectroscopy in biomolecule detection.
Frontiers in Laboratory Medicine 2018, 2, 127—133.

(16) Globus, T. R.; Woolard, D. L.; Khromova, T.; Crowe, T. W.;
Bykhovskaia, M.; Gelmont, B. L.; Hesler, J.; Samuels, A. C. THz-
spectroscopy of biological molecules. J. Biol. Phys. 2003, 29, 89—100.

(17) Shi, W,; Wang, Y.; Houy, L.; Ma, C,; Yang, L.; Dong, C.; Wang,
Z.; Wang, H.; Guo, J.; Xu, S.; Li, J. Detection of living cervical cancer
cells by transient terahertz spectroscopy. J. Biophoton. 2021, 14,
No. €202000237.

(18) Peng, Y.; Shi, C; Wu, X; Zhu, Y,; Zhuang, S. Terahertz
imaging and spectroscopy in cancer diagnostics: A technical review.
BME Frontiers 2020, 2020, 1.

(19) Bykhovskaia, M.; Gelmont, B.; Globus, T.; Woolard, D. L.;
Samuels, A. C.; Duong, T. H.; Zakrzewska, K. Prediction of DNA far-
IR absorption spectra based on normal mode analysis. Theor. Chem.
Acc. 2001, 106, 22—27.

(20) Tang, M.; Huang, Q.; Wei, D; Zhao, G.; Chang, T.; Kou, K;
Wang, M,; Du, C; Fu, W. -1; Cui, H.-L. Terahertz spectroscopy of
oligonucleotides in aqueous solutions. J. Biomed. Optics 2015, 20,
095009.

(21) Alexandrov, B. S; Gelev, V,; Bishop, A. R; Usheva, A,;
Rasmussen, K. @. DNA breathing dynamics in the presence of a
terahertz field. Phys. Lett. A 2010, 374, 1214—1217.

(22) How Terahertz Waves Tear Apart DNA; MIT Technology
Review, 2009.

(23) Zhang, Z.; Wang, Q; Xue, J; Du, Y; Liu, J; Hong, Z.
Vibrational spectroscopic investigation into novel ternary eutectic
formed between pyrazinamide, fumaric acid, and isoniazid. ACS
Omega 2020, 5, 17266—17274.

(24) Zhang, Q;; Chen, T.; Ma, L,; Tang, Z,; Yu, L. Decoding the
terahertz spectrum of allantoin crystal using DFT simulations and
energy decomposition analysis. Chem. Phys. Lett. 2021, 767, 138350.

(25) Day, G. M;; Zeitler, J. A;; Jones, W.; Rades, T.; Taday, P. F.
Understanding the influence of polymorphism on phonon spectra:
Lattice dynamics calculations and terahertz spectroscopy of
carbamazepine. J. Phys. Chem. B 2006, 110, 447—456.

(26) Banks, P. A.; Burgess, L.; Ruggiero, M. T. The necessity of
periodic boundary conditions for the accurate calculation of
crystalline terahertz spectra. Phys. Chem. Chem. Phys. 2021, 23, 20038.

(27) Walther, M.; Fischer, B. M,; Jepsen, P. U. Noncovalent
intermolecular forces in polycrystalline and amorphous saccharides in
the far infrared. Chem. Phys. 2003, 288, 261—268.

(28) Liuy, D.; Chu, X.-Q.; Lagi, M.; Zhang, Y.; Fratini, E.; Baglioni,
P.; Alatas, A.; Said, A.; Alp, E.; Chen, S.-H. Studies of phononlike low-
energy excitations of protein molecules by inelastic x-ray scattering.
Phys. Rev. Lett. 2008, 101, 135501.

(29) Shaw, P.; Kumar, N.; Mumtaz, S.; Lim, J. S.; Jang, J. H.; Kim,
D.; Sahu, B. D.; Bogaerts, A.; Choi, E. H. Evaluation of non-thermal
effect of microwave radiation and its mode of action in bacterial cell
inactivation. Sci. Rep. 2021, 11, 14003.

1124

(30) Koyama, S.; Narita, E; Suzuki, Y.; Shiina, T.; Taki, M,;
Shinohara, N.; Miyakoshi, J. Long-term exposure to a 40-GHz
electromagnetic field does not affect genotoxicity or heat shock
protein expression in HCE-T or SRA01/04 cells. J. Radiat. Res. 2019,
60, 417—423.

(31) Yaekashiwa, N.; Yoshida, H.; Otsuki, S.; Hayashi, S. i.; Kawase,
K. Verification of non-thermal effects of 0.3—0.6 THz waves on
human cultured cells. Photonics 2019, 6, 33.

(32) Schroer, M. A.; Schewa, S.; Gruzinov, A. Y.; Rénnau, C.; Lahey-
Rudolph, J. M,; Blanchet, C. E.; Zickmantel, T.; Song, Y.-H.; Svergun,
D. L; Roessle, M. Probing the existence of non-thermal terahertz
radiation induced changes of the protein solution structure. Sci. Rep.
2021, 11, 22311.

(33) Bock, J.; Fukuyo, Y.; Kang, S.; Phipps, M. L.; Alexandrov, L. B.;
Rasmussen, K. @.; Bishop, A. R.; Rosen, E. D.; Martinez, J. S.; Chen,
H.-T.; Rodriguez, G.; Alexandrov, B. S.; Usheva, A. Mammalian stem
cells reprogramming in Response to terahertz radiation. PLoS One
2010, 5, No. e15806.

(34) Hintzsche, H.; Jastrow, C.; Kleine-Ostmann, T.; Stopper, H.;
Schmid, E.; Schrader, T. Terahertz radiation induces spindle
disturbances in human-hamster hybrid cells. Radiat. Res. 2011, 175,
569—574.

(35) Alexandrov, B. S.; Rasmussen, K. @.; Bishop, A. R.; Usheva, A;
Alexandrov, L. B.; Chong, S.; Dagon, Y.; Booshehri, L. G.; Mielke, C.
H.; Phipps, M. L.,; Martinez, ]J. S.; Chen, H.-T.; Rodriguez, G. Non-
thermal effects of terahertz radiation on gene expression in mouse
stem cells. Biomed. Opt. Express 2011, 2, 2679—2689.

(36) Demidova, E. V.; Goryachkovskaya, T. N.; Malup, T. K;
Bannikova, S. V.; Semenov, A. L; Vinokurov, N. A.; Kolchanov, N. A;;
Popik, V. M,; Peltek, S. E. Studying the non-thermal effects of
terahertz radiation on E. coli/pKatG-GFP biosensor cells. BioElec-
troMagnetics 2013, 34, 15—-21.

(37) Alexandrov, B. S.; Phipps, M. L.; Alexandrov, L. B.; Booshehri,
L. G; Erat, A.; Zabolotny, J.; Mielke, C. H.; Chen, H.-T.; Rodriguez,
G.; Rasmussen, K. @.; Martinez, J. S.; Bishop, A. R;; Usheva, A.
Specificity and heterogeneity of terahertz radiation effect on gene
expression in mouse mesenchymal stem cells. Sci. Rep. 2013, 3, 1184.

(38) Borovkova, M.; Serebriakova, M.; Fedorov, V.; Sedykh, E.;
Vaks, V.; Lichutin, A.; Salnikova, A.; Khodzitsky, M. Investigation of
terahertz radiation influence on rat glial cells. Biomed. Opt. Express
2017, 8, 273—280.

(39) Yamazaki, S.; Harata, M.; Ueno, Y.; Tsubouchi, M.; Konagaya,
K.; Ogawa, Y,; Isoyama, G.; Otani, C.; Hoshina, H. Propagation of
THz irradiation energy through aqueous layers: Demolition of actin
filaments in living cells. Sci. Rep. 2020, 10, 9008.

(40) Yamazaki, S.; Ueno, Y.; Hosoki, R; Saito, T.; Idehara, T.;
Yamaguchi, Y.; Otani, C.; Ogawa, Y.; Harata, M.; Hoshina, H. THz
irradiation inhibits cell division by affecting actin dynamics. PLoS One
2021, 16, No. e0248381.

(41) Woolard, D. L.; Koscica, T.; Rhodes, D. L.; Cui, H. L.; Pastore,
R. A; Jensen, J. O.; Jensen, J. L.; Loerop, W. R; Jacobsen, R. H;
Mittleman, D.; Nuss, M. C. Millimeter wave-induced vibrational
modes in DNA as a possible alternative to animal tests to probe for
carcinogenic mutations. J. Appl. Toxicol. 1997, 17, 243—246.

(42) Hough, C. M.; Purschke, D. N.; Bell, C.; Kalra, A. P.; Oliva, P.
J; Huang, C,; Tuszynski, J. A.,; Warkentin, B. J.; Hegmann, F. A.
Disassembly of microtubules by intense terahertz pulses. Biomed. Opt.
Express 2021, 12, 5812—5828.

(43) Cherkasova, O. P.; Serdyukov, D. S.; Nemova, E. F;
Ratushnyak, A. S.; Kucheryavenko, A. S.; Dolganova, I. N.; Xu, G;;
Skorobogatiy, M.; Reshetov, I. V.; Timashev, P. S.; Spektor, I. E;
Zaytsev, K. I; Tuchin, V. V. Cellular effects of terahertz waves. J.
Biomed. Optics 2021, 26, 090902.

(44) Gonzélez-Jiménez, M.; Ramakrishnan, G.; Tukachev, N. V.;
Senn, H. M.,; Wynne, K. Low-frequency vibrational modes in G-
quadruplexes reveal the mechanical properties of nucleic acids. Phys.
Chem. Chem. Phys. 2021, 23, 13250—13260.

https://doi.org/10.1021/acsphotonics.2c00228
ACS Photonics 2022, 9, 1117-1126


https://doi.org/10.1073/pnas.0914885107
https://doi.org/10.1109/ACCESS.2021.3059424
https://doi.org/10.1109/ACCESS.2021.3059424
https://doi.org/10.1109/ACCESS.2021.3059424
https://doi.org/10.1109/TMTT.2004.835916
https://doi.org/10.1016/j.molstruc.2011.05.048
https://doi.org/10.1016/j.molstruc.2011.05.048
https://doi.org/10.1063/1.5080205
https://doi.org/10.1063/1.5080205
https://doi.org/10.1016/j.flm.2019.05.001
https://doi.org/10.1023/A:1024420104400
https://doi.org/10.1023/A:1024420104400
https://doi.org/10.1002/jbio.202000237
https://doi.org/10.1002/jbio.202000237
https://doi.org/10.34133/2020/2547609
https://doi.org/10.34133/2020/2547609
https://doi.org/10.1007/s002140100259
https://doi.org/10.1007/s002140100259
https://doi.org/10.1117/1.JBO.20.9.095009
https://doi.org/10.1117/1.JBO.20.9.095009
https://doi.org/10.1016/j.physleta.2009.12.077
https://doi.org/10.1016/j.physleta.2009.12.077
https://doi.org/10.1021/acsomega.0c01486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c01486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2021.138350
https://doi.org/10.1016/j.cplett.2021.138350
https://doi.org/10.1016/j.cplett.2021.138350
https://doi.org/10.1021/jp055439y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp055439y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp055439y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CP02496E
https://doi.org/10.1039/D1CP02496E
https://doi.org/10.1039/D1CP02496E
https://doi.org/10.1016/S0301-0104(03)00031-4
https://doi.org/10.1016/S0301-0104(03)00031-4
https://doi.org/10.1016/S0301-0104(03)00031-4
https://doi.org/10.1103/PhysRevLett.101.135501
https://doi.org/10.1103/PhysRevLett.101.135501
https://doi.org/10.1038/s41598-021-93274-w
https://doi.org/10.1038/s41598-021-93274-w
https://doi.org/10.1038/s41598-021-93274-w
https://doi.org/10.1093/jrr/rrz017
https://doi.org/10.1093/jrr/rrz017
https://doi.org/10.1093/jrr/rrz017
https://doi.org/10.3390/photonics6010033
https://doi.org/10.3390/photonics6010033
https://doi.org/10.1038/s41598-021-01774-6
https://doi.org/10.1038/s41598-021-01774-6
https://doi.org/10.1371/journal.pone.0015806
https://doi.org/10.1371/journal.pone.0015806
https://doi.org/10.1667/RR2406.1
https://doi.org/10.1667/RR2406.1
https://doi.org/10.1364/BOE.2.002679
https://doi.org/10.1364/BOE.2.002679
https://doi.org/10.1364/BOE.2.002679
https://doi.org/10.1002/bem.21736
https://doi.org/10.1002/bem.21736
https://doi.org/10.1038/srep01184
https://doi.org/10.1038/srep01184
https://doi.org/10.1364/BOE.8.000273
https://doi.org/10.1364/BOE.8.000273
https://doi.org/10.1038/s41598-020-65955-5
https://doi.org/10.1038/s41598-020-65955-5
https://doi.org/10.1038/s41598-020-65955-5
https://doi.org/10.1371/journal.pone.0248381
https://doi.org/10.1371/journal.pone.0248381
https://doi.org/10.1002/(SICI)1099-1263(199707)17:4<243::AID-JAT436>3.0.CO;2-6
https://doi.org/10.1002/(SICI)1099-1263(199707)17:4<243::AID-JAT436>3.0.CO;2-6
https://doi.org/10.1002/(SICI)1099-1263(199707)17:4<243::AID-JAT436>3.0.CO;2-6
https://doi.org/10.1364/BOE.433240
https://doi.org/10.1117/1.JBO.26.9.090902
https://doi.org/10.1039/D0CP05404F
https://doi.org/10.1039/D0CP05404F
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c00228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

(45) Wallace, V. P.; Fitzgerald, A. J.; Shankar, S.; Flanagan, N.; Pye,
R; Cluff, J; Arnone, D. D. Terahertz pulsed imaging of basal cell
carcinoma ex vivo and in vivo. British . Dermatol. 2004, 151, 424—432.

(46) Bowman, T.; El-Shenawee, M.; Campbell, L. K. Terahertz
transmission vs reflection imaging and model-based characterization
for excised breast carcinomas. Biomed. Opt. Express 2016, 7, 3756—
3783.

(47) Wy, L,; Xu, D,; Wang, Y,; Liao, B.; Jiang, Z.; Zhao, L.; Sun, Z,;
Wu, N.; Chen, T.; Feng, H.; Yao, J. Study of in vivo brain glioma in a
mouse model using continuous-wave terahertz reflection imaging.
Biomed. Opt. Express 2019, 10, 3953—3962.

(48) Chen, W.; Peng, Y.; Jiang, X;; Zhao, J.; Zhao, H.; Zhu, Y.
Isomers identification of 2-hydroxyglutarate acid disodium salt (2HG)
by terahertz time-domain spectroscopy. Sci. Rep. 2017, 7, 12166.

(49) Cheng, C.; Zhu, Z.; Li, S.; Ren, G.; Zhang, J.; Cong, H.; Peng,
Y,; Han, J; Chang, C; Zhao, H. Broadband terahertz recognizing
conformational characteristics of a significant neurotransmitter y-
aminobutyric acid. RSC Adv. 2019, 9, 20240—20247.

(50) Hernandez-Cardoso, G. G.; Rojas-Landeros, S. C.; Alfaro-
Gomez, M.; Hernandez-Serrano, A. L; Salas-Gutierrez, I.; Lemus-
Bedolla, E.; Castillo-Guzman, A. R.; Lopez-Lemus, H. L.; Castro-
Camus, E. Terahertz imaging for early screening of diabetic foot
syndrome: A proof of concept. Sci. Rep. 2017, 7, 42124.

(51) Hernandez-Cardoso, G. G.; Amador-Medina, L. F.; Gutierrez-
Torres, G.; Reyes-Reyes, E. S.; Benavides Martinez, C. A.; Cardona
Espinoza, C.; Arce Cruz, J.; Salas-Gutierrez, I; Murillo-Ortiz, B. O,;
Castro-Camus, E. Cutaneous dehydration of the feet of diabetic
patients measured by terahertz imaging: origin and potential as a
diagnostic tool for diabetic foot syndrome. Sci. Rep. 2022, 12, na.

(52) Bennett, D. B.; Taylor, Z. D.; Tewari, P.; Singh, R. S.; Culjat,
M. O.; Grundfest, W. S.; Sassoon, D. J.; Johnson, R. D.; Hubschman,
J.-P,; Brown, E. R. Terahertz sensing in corneal tissues. J. Biomed.
Optics 2011, 16, 057003.

(53) Bennett, D.; Taylor, Z.; Tewari, P.; Sung, S.; Maccabi, A,;
Singh, R.; Culjat, M.; Grundfest, W.; Hubschman, J.-P.; Brown, E.
Assessment of corneal hydration sensing in the terahertz band: in vivo
results at 100 GHz. J. Biomed. Optics 2012, 17, 0970081.

(54) Chen, A,; Virk, A.; Harris, Z.; Abazari, A.; Honkanen, R,;
Arbab, M. H. Non-contact terahertz spectroscopic measurement of
the intraocular pressure through corneal hydration mapping. Biomed.
Opt. Express 2021, 12, 3438—3449.

(55) Osman, O. B.; Harris, Z. B.; Zhou, J. W.; Khani, M. E.; Singer,
A.J.; Arbab, M. H. In vivo assessment and monitoring of burn wounds
using a handheld terahertz hyperspectral scanner. Adv. Photon. Res.
2022, 2100095S.

(56) Osman, O. B; Tan, T. J,; Henry, S.; Warsen, A.; Farr, N,;
McClintic, A. M.; Wang, Y.-N.; Arbabi, S.; Arbab, M. H. Differ-
entiation of burn wounds in an in vivo porcine model using terahertz
spectroscopy. Biomed. Opt. Express 2020, 11, 6528—6535.

(57) Arbab, M. H.; Winebrenner, D. P.; Dickey, T. C.; Chen, A;
Klein, M. B.; Mourad, P. D. Terahertz spectroscopy for the
assessment of burn injuries in vivo. J. Biomed. Optics 2013, 18, 077004.

(58) Mittleman, D. M.; Gupta, M.; Neelamani, R.; Baraniuk, R. G.;
Rudd, J. V.; Koch, M. Recent advances in terahertz imaging. Appl.
Phys. B: Laser Opt. 1999, 68, 1085—1094.

(59) Tewari, P.; Bajwa, N.; Singh, R. S.; Culjat, M. O.; Grundfest, W.
S.; Taylor, Z. D.; Kealey, C. P.; Bennett, D. B.; Barnett, K. S,;
Stojadinovic, A. In vivo terahertz imaging of rat skin burns. J. Biomed.
Opt. 2012, 17, 040503.

(60) Tewari, P.; Garritano, J.; Bajwa, N.; Sung, S.; Huang, H.; Wang,
D.; Grundfest, W.; Ennis, D. B.; Ruan, D.; Brown, E.; Dutson, E,;
Fishbein, M.; Taylor, Z. Methods for registering and calibrating in vivo
terahertz images of cutaneous burn wounds. Biomed. Opt. Express
2019, 10, 322—337.

(61) Hishida, M.; Tanaka, K. Long-range hydration effect of lipid
membrane studied by terahertz time-domain spectroscopy. Phys. Rev.
Lett. 2011, 106, 158102.

1125

(62) Tros, M; Zheng, L. L.; Hunger, J.; Bonn, M.; Bonn, D.; Smits,
G. J.; Woutersen, S. Picosecond orientational dynamics of water in
living cells. Nat. Commun. 2017, 8, 904.

(63) Moller, U.; Cooke, D. G.; Tanaka, K; Jepsen, P. U. Terahertz
reflection spectroscopy of Debye relaxation in polar liquids. J. Opt.
Soc. Am. B 2009, 26, A113—A12S.

(64) Yang, J; Wang, Y. F; Wang, L. J.; Zhong, D. P. Mapping
hydration dynamics around a beta-barrel protein. J. Am. Chem. Soc.
2017, 139, 4399—4408.

(6S) Vinh, N. Q; Allen, S. J.; Plaxco, K. W. Dielectric spectroscopy
of proteins as a quantitative experimental test of computational
models of their low-frequency harmonic motions. J. Am. Chem. Soc.
2011, 133, 8942—8947.

(66) Dielmann-Gessner, J.; Grossman, M.; Nibali, V. C.; Born, B.;
Solomonov, I; Fields, G. B.; Havenith, M,; Sagi, I. Enzymatic
turnover of macromolecules generates long-lasting protein-water-
coupled motions beyond reaction steady state. Proc. Natl. Acad. Sci.
US.A. 2014, 111, 17857—17862.

(67) Deng, Y.; McKinney, J. A.; George, D. K,; Niessen, K. A,;
Sharma, A.; Markelz, A. G. Near-field stationary sample terahertz
spectroscopic polarimetry for biomolecular structural dynamics
determination. ACS Photon. 2021, 8, 658—668.

(68) Rheinstadter, M. C.; Schmalzl, K; Wood, K,; Strauch, D.
Protein-protein interaction in purple membrane. Phys. Rev. Lett. 2009,
103, 128104.

(69) Acbas, G.; Niessen, K. A; Snell, E. H.; Markelz, A. G. Optical
measurements of long-range protein vibrations. Nat. Commun. 2014,
S, 4076.

(70) Frolov, E. N; Gvosdev, R,; Goldanskii, V. I; Parak, F. G.
Differences in the dynamics of oxidized and reduced cytochrome ¢
measured by Mossbauer spectroscopy. J. Biol. Inorganic Chem. 1997,
2, 710—713.

(71) Achterhold, K; Keppler, C.; Ostermann, A.; van Burck, U.;
Sturhahn, W,; Alp, E. E.; Parak, F. G. Vibrational dynamics of
myoglobin determined by the phonon-assisted Mossbauer effect. Phys.
Rev. E 2002, 65, 051916.

(72) Tan, M. L,; Bizzarri, A. R;; Xiao, Y. M.; Cannistraro, S.; Ichiye,
T.; Manzoni, C; Cerullo, G; Adams, M. W. W,; Jenney, F. E;
Cramer, S. P. Observation of terahertz vibrations in Pyrococcus
furiosus rubredoxin via impulsive coherent vibrational spectroscopy
and nuclear resonance vibrational spectroscopy - interpretation by
molecular mechanics. J. Inorganic Biochem. 2007, 101, 375—384.

(73) Markelz, A. G. Terahertz dielectric sensitivity to biomolecular
structure and function. IEEE J. Sel. Top. Quant. Electron. 2008, 14,
180—190.

(74) Falconer, R. J.; Markelz, A. G. Terahertz spectroscopic analysis
of peptides and proteins. J. Infrared, Millimeter and THz Waves 2012,
33, 973-988.

(75) Balu, R;; Zhang, H.; Zukowski, E.; Chen, J. Y.; Markelz, A. G;
Gregurick, S. K. Terahertz spectroscopy of bacteriorhodopsin and
rhodopsin: Similarities and differences. Biophys. J. 2008, 94 (8),
3217-3226.

(76) Chen, J. Y.; Knab, J. R; Ye, S. J; He, Y. F,; Markelz, A. G.
Terahertz dielectric assay of solution phase protein binding. Appl.
Phys. Lett. 2007, 90, 243901.

(77) Chen, J.-Y,; Knab, J. R; Cerne, J; Markelz, A. G. Large
oxidation dependence observed in terahertz dielectric response for
cytochrome C. Phys. Rev. E 2005, 72, 040901.

(78) He, Y.; Ku, P. L; Knab, J. R;; Chen, J.-Y.; Markelz, A. G. Protein
dynamical transition does not require protein structure. Phys. Rev.
Lett. 2008, 101, 178103.

(79) He, Y. F.; Chen, J. Y.; Knab, J. R;; Zheng, W. J.; Markelz, A. G.
Evidence of protein collective motions on the picosecond timescale.
Biophys. J. 2011, 100, 1058—1065.

(80) Lipps, F.; Levy, S.; Markelz, A. G. Hydration and temperature
interdependence of protein picosecond dynamics. Phys. Chem. Chem.
Phys. 2012, 14, 6375.

(81) Dhar, A; Samiotakis, A.; Ebbinghaus, S.; Nienhaus, L.;
Homouz, D.; Gruebele, M.; Cheung, M. S. Structure, function, and

https://doi.org/10.1021/acsphotonics.2c00228
ACS Photonics 2022, 9, 1117-1126


https://doi.org/10.1111/j.1365-2133.2004.06129.x
https://doi.org/10.1111/j.1365-2133.2004.06129.x
https://doi.org/10.1364/BOE.7.003756
https://doi.org/10.1364/BOE.7.003756
https://doi.org/10.1364/BOE.7.003756
https://doi.org/10.1364/BOE.10.003953
https://doi.org/10.1364/BOE.10.003953
https://doi.org/10.1038/s41598-017-11527-z
https://doi.org/10.1038/s41598-017-11527-z
https://doi.org/10.1039/C9RA02971K
https://doi.org/10.1039/C9RA02971K
https://doi.org/10.1039/C9RA02971K
https://doi.org/10.1038/srep42124
https://doi.org/10.1038/srep42124
https://doi.org/10.1038/s41598-022-06996-w
https://doi.org/10.1038/s41598-022-06996-w
https://doi.org/10.1038/s41598-022-06996-w
https://doi.org/10.1117/1.3575168
https://doi.org/10.1117/1.JBO.17.9.097008
https://doi.org/10.1117/1.JBO.17.9.097008
https://doi.org/10.1364/BOE.423741
https://doi.org/10.1364/BOE.423741
https://doi.org/10.1002/adpr.202100095
https://doi.org/10.1002/adpr.202100095
https://doi.org/10.1364/BOE.397792
https://doi.org/10.1364/BOE.397792
https://doi.org/10.1364/BOE.397792
https://doi.org/10.1117/1.JBO.18.7.077004
https://doi.org/10.1117/1.JBO.18.7.077004
https://doi.org/10.1007/s003400050750
https://doi.org/10.1117/1.JBO.17.4.040503
https://doi.org/10.1364/BOE.10.000322
https://doi.org/10.1364/BOE.10.000322
https://doi.org/10.1103/PhysRevLett.106.158102
https://doi.org/10.1103/PhysRevLett.106.158102
https://doi.org/10.1038/s41467-017-00858-0
https://doi.org/10.1038/s41467-017-00858-0
https://doi.org/10.1364/JOSAB.26.00A113
https://doi.org/10.1364/JOSAB.26.00A113
https://doi.org/10.1021/jacs.6b12463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja200566u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja200566u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja200566u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1410144111
https://doi.org/10.1073/pnas.1410144111
https://doi.org/10.1073/pnas.1410144111
https://doi.org/10.1021/acsphotonics.0c01876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c01876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c01876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.103.128104
https://doi.org/10.1038/ncomms4076
https://doi.org/10.1038/ncomms4076
https://doi.org/10.1007/s007750050187
https://doi.org/10.1007/s007750050187
https://doi.org/10.1103/PhysRevE.65.051916
https://doi.org/10.1103/PhysRevE.65.051916
https://doi.org/10.1016/j.jinorgbio.2006.09.031
https://doi.org/10.1016/j.jinorgbio.2006.09.031
https://doi.org/10.1016/j.jinorgbio.2006.09.031
https://doi.org/10.1016/j.jinorgbio.2006.09.031
https://doi.org/10.1109/JSTQE.2007.913424
https://doi.org/10.1109/JSTQE.2007.913424
https://doi.org/10.1007/s10762-012-9915-9
https://doi.org/10.1007/s10762-012-9915-9
https://doi.org/10.1529/biophysj.107.105163
https://doi.org/10.1529/biophysj.107.105163
https://doi.org/10.1063/1.2748852
https://doi.org/10.1103/PhysRevE.72.040901
https://doi.org/10.1103/PhysRevE.72.040901
https://doi.org/10.1103/PhysRevE.72.040901
https://doi.org/10.1103/PhysRevLett.101.178103
https://doi.org/10.1103/PhysRevLett.101.178103
https://doi.org/10.1016/j.bpj.2010.12.3731
https://doi.org/10.1039/c2cp23760a
https://doi.org/10.1039/c2cp23760a
https://doi.org/10.1073/pnas.1006760107
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c00228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

folding of phosphoglycerate kinase are strongly perturbed by
macromolecular crowding. Proc. Natl. Acad. Sci. US.A. 2010, 107,
17586—17591.

(82) Romo, T. D.; Grossfield, A.; Markelz, A. G. Persistent protein
motions in a rugged energy landscape revealed by normal mode
ensemble analysis. J. Chem. Info. Modeling 2020, 60, 6419—6426.

(83) Hamm, P. 2D-Raman-THz spectroscopy: A sensitive test of
polarizable water models. J. Chem. Phys. 2014, 141, 184201.

(84) Reimann, K.; Woerner, M.; Elsaesser, T. Two-dimensional
terahertz spectroscopy of condensed-phase molecular systems. J.
Chem. Phys. 2021, 154, 120901.

(85) Akter, N.; Hasan, M. M.; Pala, N. A review of THz technologies
for rapid sensing and detection of viruses including SARS-CoV-2.
Biosensors 2021, 11, 349.

(86) Di Fabrizio, M.; Lupi, S.; D’Arco, A. Virus recognition with
terahertz radiation: drawbacks and potentialities. J. Phys.: Photonics
2021, 3, 032001.

(87) Haring Bolivar, P.; Brucherseifer, M.; Nagel, M.; Kurz, H,;
Bosserhoff, A.; Biittner, R. Label-free probing of genes by time-
domain terahertz sensing. Phys. Med. Biol. 2002, 47, 3815—3821.

(88) Xie, L.; Gao, W.; Shu, J.; Ying, Y.; Kono, J. Extraordinary
sensitivity enhancement by metasurfaces in terahertz detection of
antibiotics. Sci. Rep. 2018, S, 8671.

(89) Lee, D.-K;; Kang, J.-H.; Kwon, ].; Lee, ].-S.; Lee, S.; Woo, D.
H.; Kim, J. H;; Song, C.-S.; Park, Q.-H.; Seo, M. Nano metamaterials
for ultrasensitive terahertz biosensing. Sci. Rep. 2017, 7, 8146.

(90) Keshavarz, A.; Vafapour, Z. Sensing avian influenza viruses
using terahertz metamaterial reflector. IEEE Sensor J. 2019, 19, 5161—
5166.

(91) Laib, J. P.; Mittleman, D. M. Temperature-dependent terahertz
spectroscopy of liquid n-alkanes. J. Infrared Milli. THz Waves 2010,
31, 1015—-1021.

(92) Xu, W,; Xie, L.; Zhu, J.; Xu, X; Ye, Z.; Wang, C.; Ma, Y,; Ying,
Y. Gold nanoparticle-based terahertz metamaterial sensors: mecha-
nisms and applications. ACS Photon. 2016, 3, 2308—2314.

(93) Ahmadivand, A.; Gerislioglu, B.; Ramezani, Z.; Kaushik, A;
Manickam, P.; Ghoreishi, S. A. Functionalized terahertz plasmonic
metasensors: Femtomolar-level detection of SARS-CoV-2 spike
proteins. Biosens. Bioelectron. 2021, 177, 112971.

(94) Mendis, R; Astley, V.; Liu, J.; Mittleman, D. M. Terahertz
microfluidic sensor based on a parallel-plate-waveguide resonant
cavity. Appl. Phys. Lett. 2009, 95, 171113.

(95) Alfihed, S.; Holzman, J. F.; Foulds, I. G. Developments in the
integration and application of terahertz spectroscopy with micro-
fluidics. Biosens. Bioelectron. 2020, 165, 112393.

(96) Ye, P; Wang, G.; Yang, Y.; Meng, Q.; Wang, J; Su, B.; Zhang,
C. Terahertz absorption properties of two solid amino acids and their
aqueous solutions. Int. J. Optics 2021, 2021, 1.

(97) George, P. A.; Hui, W.; Rana, F.; Hawkins, B. G.; Smith, A. E,;
Kirby, B. J. Microfluidic devices for terahertz spectroscopy of
biomolecules. Opt. Express 2008, 16, 1577—1582.

(98) Tang, M.; Zhang, M.; Yan, S.; Xia, L.; Yang, Z.; Du, C.; Cui, H.-
L.; Wei, D. Detection of DNA oligonucleotides with base mutations
by terahertz spectroscopy and microstructures. PLoS One 2018, 13,
No. e019151S.

(99) Tan, N. Y,; Li, R; Briuer, P.; D’Agostino, C.; Gladden, L. F,;
Zeitler, ]. A. Probing hydrogen-bonding in binary liquid mixtures with
terahertz time-domain spectroscopy: a comparison of Debye and
absorption analysis. Phys. Chem. Chem. Phys. 2015, 17, 5999—6008.

(100) Geng, Z.; Zhang, X.; Fan, Z.; Lv, X;; Chen, H. A route to
terahertz metamaterial biosensor integrated with microfluidics for
liver cancer biomarker testing in early stage. Sci. Rep. 2017, 7, 16378.

(101) Imashimizu, M.; Tanaka, M.; Hoshina, H. Gre factors prevent
thermal and mechanical stresses induced by terahertz irradiation
during transcription. Genes to Cells 2021, 26, 56—64.

(102) Hough, C. M.; Purschke, D. N.; Huang, C; Titova, L. V,;
Kovalchuk, O. V.; Warkentin, B. J.; Hegmann, F. A. Intense terahertz
pulses inhibit Ras signaling and other cancer-associated signaling

1126

pathways in human skin tissue models. J. Phys.: Photonics 2021, 3,
034004.

(103) Abufadda, M. H.; Erdélyi, A; Pollék, E.; Nugraha, P. S;
Hebling, J.; Fiilop, J. A.,; Molnér, L. Terahertz pulses induce segment
renewal via cell proliferation and differentiation overriding the
endogenous regeneration program of the earthworm Eisenia andrei.
Biomed. Opt. Express 2021, 12, 1947—1961.

(104) Sitnikov, D. S,; Ilina, I. V.; Revkova, V. A.; Rodionov, S. A.;
Gurova, S. A.; Shatalova, R. O.; Kovalev, A. V.; Ovchinnikov, A. V.;
Chefonov, O. V.; Konoplyannikov, M. A.; Kalsin, V. A.; Baklaushev,
V. P. Effects of high intensity non-ionizing terahertz radiation on
human skin fibroblasts. Biomed. Opt. Express 2021, 12, 7122—7138.

(105) Zeni, O.; Gallerano, G. P.; Perrotta, A.; Romano, M.; Sannino,
A.; Sarti, M.; D’Arienzo, M.; Doria, A.,; Giovenale, E.; Lai, A,;
Messina, G.; Scarfi M. R. Cytogenetic observations in human
peripheral blood leukocytes following in vitro exposure to THz
radiation: A pilot study. Health Phys. 2007, 92, 349—357.

(106) Titova, L. V.; Ayesheshim, A. K; Golubov, A.; Rodriguez-
Juarez, R.; Woycicki, R;; Hegmann, F. A.; Kovalchuk, O. Intense THz
pulses down-regulate genes associated with skin cancer and psoriasis:
a new therapeutic avenue? Sci. Rep. 2013, 3, 2363.

(107) Hough, C. M.; Purschke, D. N.; Huang, C. X; Titova, L. V;
Kovalchuk, O.; Warkentin, B. J.; Hegmann, F. A. Topology-based
prediction of pathway dysregulation induced by intense terahertz
pulses in human skin tissue models. J. Infrared Milli. THz Waves 2018,
39, 887—898.

(108) Stewart, M. P.; Langer, R; Jensen, K. F. Intracellular delivery
by membrane disruption: Mechanisms, strategies, and concepts.
Chem. Rev. 2018, 118, 7409—7531.

(109) Vernier, P. T.; Sun, Y. H; Gundersen, M. A. Nano-
electropulse-driven membrane perturbation and small molecule
permeabilization. BMC Cell Biol. 2006, 7, 37.

(110) Sano, M. B.; Arena, C. B.; DeWitt, M. R; Saur, D.; Davalos, R.
V. In-vitro bipolar nano- and microsecond electro-pulse bursts for
irreversible electroporation therapies. Bioelectrochem. 2014, 100, 69—
79.

(111) Ramundo-Orlando, A.; Gallerano, G. P.; Stano, P.; Doria, A.;
Giovenale, E.; Messina, G.; Cappelli, M.; D’Arienzo, M.; Spassovsky,
I. Permeability changes induced by 130 GHz pulsed radiation on
cationic liposomes loaded with carbonic anhydrase. Bioelectromag.
2007, 28, 587—598.

(112) Tang, J; Yin, H,; Ma, J.; Bo, W,; Yang, Y,; Xu, J,; Liu, Y,;
Gong, Y. Terahertz electric field-induced membrane electroporation
by molecular dynamics simulations. J. Membr. Biol. 2018, 251, 681—
693.

(113) Yamazaki, S.; Harata, M.; Idehara, T.; Konagaya, K;
Yokoyama, G.; Hoshina, H,; Ogawa, Y. Actin polymerization is
activated by terahertz irradiation. Sci. Rep. 2018, 8, 9990.

(114) Chafai, D. E.; Vostarek, F.; Draberova, E.; Havelka, D,
Arnaud-Cormos, D.; Leveque, P.; Janacek, J.; Kubinova, L.; Cifra, M.;
Draber, P. Microtubule cytoskeleton remodeling by nanosecond
pulsed electric fields. Adv. Biosyst. 2020, 4, 2000070.

https://doi.org/10.1021/acsphotonics.2c00228
ACS Photonics 2022, 9, 1117-1126


https://doi.org/10.1073/pnas.1006760107
https://doi.org/10.1073/pnas.1006760107
https://doi.org/10.1021/acs.jcim.0c00879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.0c00879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.0c00879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4901216
https://doi.org/10.1063/1.4901216
https://doi.org/10.1063/5.0046664
https://doi.org/10.1063/5.0046664
https://doi.org/10.3390/bios11100349
https://doi.org/10.3390/bios11100349
https://doi.org/10.1088/2515-7647/abfd08
https://doi.org/10.1088/2515-7647/abfd08
https://doi.org/10.1088/0031-9155/47/21/320
https://doi.org/10.1088/0031-9155/47/21/320
https://doi.org/10.1038/srep08671
https://doi.org/10.1038/srep08671
https://doi.org/10.1038/srep08671
https://doi.org/10.1038/s41598-017-08508-7
https://doi.org/10.1038/s41598-017-08508-7
https://doi.org/10.1109/JSEN.2019.2903731
https://doi.org/10.1109/JSEN.2019.2903731
https://doi.org/10.1007/s10762-010-9678-0
https://doi.org/10.1007/s10762-010-9678-0
https://doi.org/10.1021/acsphotonics.6b00463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.6b00463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bios.2021.112971
https://doi.org/10.1016/j.bios.2021.112971
https://doi.org/10.1016/j.bios.2021.112971
https://doi.org/10.1063/1.3251079
https://doi.org/10.1063/1.3251079
https://doi.org/10.1063/1.3251079
https://doi.org/10.1016/j.bios.2020.112393
https://doi.org/10.1016/j.bios.2020.112393
https://doi.org/10.1016/j.bios.2020.112393
https://doi.org/10.1155/2021/9203999
https://doi.org/10.1155/2021/9203999
https://doi.org/10.1364/OE.16.001577
https://doi.org/10.1364/OE.16.001577
https://doi.org/10.1371/journal.pone.0191515
https://doi.org/10.1371/journal.pone.0191515
https://doi.org/10.1039/C4CP04477K
https://doi.org/10.1039/C4CP04477K
https://doi.org/10.1039/C4CP04477K
https://doi.org/10.1038/s41598-017-16762-y
https://doi.org/10.1038/s41598-017-16762-y
https://doi.org/10.1038/s41598-017-16762-y
https://doi.org/10.1111/gtc.12822
https://doi.org/10.1111/gtc.12822
https://doi.org/10.1111/gtc.12822
https://doi.org/10.1088/2515-7647/abf742
https://doi.org/10.1088/2515-7647/abf742
https://doi.org/10.1088/2515-7647/abf742
https://doi.org/10.1364/BOE.416158
https://doi.org/10.1364/BOE.416158
https://doi.org/10.1364/BOE.416158
https://doi.org/10.1364/BOE.440460
https://doi.org/10.1364/BOE.440460
https://doi.org/10.1097/01.HP.0000251248.23991.35
https://doi.org/10.1097/01.HP.0000251248.23991.35
https://doi.org/10.1097/01.HP.0000251248.23991.35
https://doi.org/10.1038/srep02363
https://doi.org/10.1038/srep02363
https://doi.org/10.1038/srep02363
https://doi.org/10.1007/s10762-018-0512-4
https://doi.org/10.1007/s10762-018-0512-4
https://doi.org/10.1007/s10762-018-0512-4
https://doi.org/10.1021/acs.chemrev.7b00678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/1471-2121-7-37
https://doi.org/10.1186/1471-2121-7-37
https://doi.org/10.1186/1471-2121-7-37
https://doi.org/10.1016/j.bioelechem.2014.07.010
https://doi.org/10.1016/j.bioelechem.2014.07.010
https://doi.org/10.1002/bem.20343
https://doi.org/10.1002/bem.20343
https://doi.org/10.1007/s00232-018-0045-8
https://doi.org/10.1007/s00232-018-0045-8
https://doi.org/10.1038/s41598-018-28245-9
https://doi.org/10.1038/s41598-018-28245-9
https://doi.org/10.1002/adbi.202000070
https://doi.org/10.1002/adbi.202000070
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c00228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

