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Abstract. Radiation at terahertz frequencies can be used to analyze the structural dynamics of water and
biomolecules, but applying the technique to aqueous solutions and tissues remains challenging since
terahertz radiation is strongly absorbed by water. While this absorption enables certain analyses, such as
the structure of water and its interactions with biological solutes, it limits the thickness of samples that can
be analyzed, and it drowns out weaker signals from biomolecules of interest. We present a method for
analyzing water-rich samples via time-domain terahertz optoacoustics over a 104-fold thickness ranging from
microns to centimeters. We demonstrate that adjusting the temperature to alter the terahertz optoacoustic
(THz-OA) signal of water improves the sensitivity with which it can be analyzed and, conversely, can
reduce or even “silence” its signal. Temperature-manipulated THz-OA signals of aqueous solutions allow
detection of solutes such as ions with an order of magnitude greater sensitivity than terahertz time-domain
spectroscopy, and potentially provide more characteristic parameters related to both terahertz absorption
and ultrasonic propagation. Terahertz optoacoustics may be a powerful tool for spectroscopy and potential
imaging of aqueous solutions and tissues to explore molecular interactions and biochemical processes.
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1 Introduction
Terahertz radiation, with wavelengths between 0.03 and
0.3 mm, can provide unique insights into the composition,
structure, and dynamics of inorganic and biological materials
unavailable with radiation of other frequencies.1–5 It can detect
numerous rotational and vibrational transitions in proteins,
DNA, RNA, and sugars,6–10 as well as transitions in water that
depend on hydrogen bonding, which means that it is sensitive
to interactions of water with solutes such as ions.11–18 The
extremely low energy of terahertz radiation makes it safe
for analysis of living samples. Because of these advantages,
terahertz spectroscopy and imaging have developed into an

effective technique for detecting proteins, DNA, RNA, sugars,
and cells in vitro and in vivo,9,10,19–23 for analyzing structures
and dynamics of water and ion hydration,18,24–26 for differentiat-
ing tumors from healthy cells based on water content,27–31

and for evaluating tissues for the presence of viruses or other
pathology.32–34

In this way, the strong absorption of terahertz radiation by
water enables a range of analyses. On the other hand, it prevents
other types of analysis, where the strong absorption drowns
out absorption by the molecules of interest. To reduce this
background, terahertz reflectance spectra or attenuated total re-
flectance spectra are obtained, or extremely thin samples are
used.35–37 Alternatively, researchers have attempted to boost
the desired signal by increasing the intensity of terahertz
radiation38 or the sensitivity of terahertz detectors.39 These sol-
utions may be unsatisfactory in the long run because water back-
ground exponentially attenuates the desired signal, ultrahigh
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intensity radiation brings health risks,40,41 and ultrasensitive de-
tectors can be prohibitively expensive.

We wondered whether we could induce water itself to be a
detector for interactions between terahertz radiation and water-
rich samples, such as aqueous solutions and tissues. Relying on
the water within the sample, rather than on external terahertz
detectors to capture the terahertz radiation emitted from the sur-
face of the sample, would avoid the limitation on measurement
depth due to the strong absorption of water. Upon absorption of
terahertz radiation, aqueous media heat up, inducing thermo-
elastic expansion that produces acoustic waves that can be
detected, which is referred to as the opto- or photoacoustic
effect.40–42 So far, efforts on time-domain terahertz optoacoustics
have relied on carbon nanotube nanocomposites.42 Terahertz
optoacoustic (THz-OA) studies in water have shown that de-
structive shockwaves, which are generated by strong terahertz
radiation, can traverse a millimeter-thick aqueous solution.40,41

However, this THz-OA effect of water using terahertz pulses
with excessively high repetition rate or high pulse energy is
not suitable for time-domain measurement and nondestructive
precise testing in biomedical applications. In addition, the strong
absorption of water in the terahertz regime drowns out the signal
from much less abundant but biologically important molecules
such as proteins, glucose, or hydrated ions. Therefore, a
revolutionary time-domain THz-OA method that could detect
not only water but also much less abundant biomolecules in
native samples using ultrashort terahertz pulses with safe radi-
ation intensities is much desired in various fields, particularly in
biochemistry and biomedicine.

In this article, we present time-domain terahertz optoacous-
tics in analyzing water-rich samples, which enables water itself

to be induced as a detector that directly detects the interactions
between terahertz radiation and water in aqueous solutions and
tissues. We demonstrate the significant potential of this method
using agar-in-water phantoms, ex vivo tissues, as well as water
and aqueous solutions in microfluidic chips. The sample tem-
perature can be controlled to manipulate time-domain THz-OA
signals from water, thereby either enhancing the sensitivity of
water detection or dampening the water signal to detect signals
from solutes of interest. Our findings may provide a basis for new
methods and technologies in the terahertz regime, such as THz-
OA spectroscopy and imaging of aqueous and biological systems
to study molecular interactions and biochemical processes.

2 Method

2.1 Experimental Setup and Data Acquisition

The THz-OA system presented here incorporates several unique
characteristics that maximize the THz-OA signal from native
tissues or aqueous solutions, while also allowing the dampening
of signals from water to highlight signals from biomolecules of
interest [Fig. 1(a)]. The terahertz pulses were generated using a
femtosecond Ti:sapphire regenerative amplifier (Coherent) at a
wavelength of 800 nm and energy of 5 mJ to pump the non-
linear crystal LiNbO3 using the tilted-pulse-front technique
[Fig. 1(a)].43 The pump laser beam had a pulse duration of 35 fs
and a repetition rate of 1 kHz. A pulse front tilt of 63 deg was
introduced using a reflective grating and a cylindrical lens. To
increase terahertz field strength per unit area, off-axis parabolic
mirrors were used to collimate and focus the terahertz beam
to a spot of ∼1.5 mm at the center of the sample holder with

Fig. 1 Schematic for time-domain THz-OA measurement. (a) Schematic of the setup. MT, metal
tape; PM1,2, parabolic mirrors; PE, Peltier element; THz-OA, terahertz optoacoustic; TS, temper-
ature sensor; UST, ultrasonic transducer. The light blue region represents the interaction area
between the terahertz radiation and sample. (b) Amplitude of THz-OA signal from water measured
by the UST as a function of the energy of the terahertz radiation measured by a terahertz pyro-
electric detector. The best-fit line (dotted blue) is also shown.
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the energy per pulse of 4 μJ and spectral range of 0.2 to 1.5 THz.
The radiant exposure is 0.23 mJ∕cm2, which satisfies the con-
finement conditions for optoacoustics44 and falls within the laser
exposure limit of 20 mJ∕cm2.45,46 A silicon wafer with a 4 in.
diameter and 1 mm thickness, whose surfaces on both sides
are pasted with 0.1-mm-thick black polyethylene sheet, is used
to block the stray light of the pump laser, thereby preventing
interference with the THz-OA signal. An IR Night Vision device
(84499A, FJW) is employed to ensure that there is no stray light
at 800 nm illuminating the samples.

The signals were detected using flat piezoelectric ultrasonic
transducers (Olympus) with central frequencies of 1 to 2.5 MHz,
according to the frequency range of simulated THz-OA signals

of water (Fig. S4 in Supplementary Material). The signals were
then amplified by a low-noise 50-dB amplifier (Usultratek), digi-
tized at a sampling rate of 200 MS∕s using a data acquisition
card (Gage), and stored in a PC. The detection signal-to-noise
ratio was enhanced by averaging every 1000 pulses. The THz-
OA signal detected from a sample of pure water varied linearly
with the amplitude detected using a traditional terahertz pyro-
electric method [Fig. 1(b)].

Microfluidic chips were custom-built to have a rear surface
of polydimethylsiloxane (PDMS) (5 mm thick) and a front
surface of PDMS (200 μm) or quartz (300 μm) [Fig. 2(d)]. The
chip’s detection area was a circle with a diameter that was 3 mm
larger than the terahertz-focused area. The temperature of the

Fig. 2 THz-OA responses from an agar-in-water phantom, water flowing through a microfluidic
chip, and a fresh beef brisket slice. (a) Schematic of the production of THz-OA signal by an agar
phantom of thickness L after terahertz irradiation to a penetration depth l. I, II, and … denote the
primary THz-OA signal and its echoes. (b) THz-OA signals in the time domain for three L values.
(c) First time-domain THz-OA signals from (b) were transformed to the frequency domain.
(d) Schematic of the production of THz-OA signal by water circulating through a channel of depth
d on a microfluidic chip. A peristaltic pump drives water into the sample holder at the inlet, and the
water exits at the outlet. (e) THz-OA signals in the time domain for three d values. (f) THz-OA
signals from (e) were transformed to the frequency domain. (g) Schematic of the production of
THz-OA signal by ex vivo tissue, with the fatty and lean areas of interest marked. (h) Time-domain
THz-OA signals from each area of interest. (i) THz-OA signals from (h) were transformed to the
frequency domain.
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sample within the chip was controlled using a custom-built
control module [Fig. 1(a)]. Two Peltier elements, the tempera-
ture sensor, and the chip were fixed atop a copper holder
[401 W∕ðm · KÞ] using thermoconductive adhesive. Care was
taken to align the center of the chip with the narrow slit (3 mm)
in the center of the holder in order to ensure interaction with the
strongest part of the terahertz field. The temperature controller
applied heating or cooling based on the difference between the
preset temperature and the sensor’s measurement. The temper-
ature sensor measured the holder as a proxy for the sample. The
liquid sample was pushed through the chip at constant speed
using a peristaltic pump [Fig. 2(d)] in order to prevent bubble
formation due to the temperature change.

The rear surface of the sample was covered with metal tape
[Fig. 1(a)] to prevent terahertz radiation from hitting the trans-
ducer directly, while still allowing for the arrival of acoustic
waves from the sample. Ultrasound gel was added as a coupling
agent between the sample and transducer. As a benchmark
for our THz-OA measurements, we also analyzed samples using
a commercially available terahertz time-domain spectroscopy
(THz-TDS) system (T-Ray 5000, API Picometrix).

2.2 Samples

Cylindrical agar phantoms were prepared by mixing agar pow-
der and distilled water in a mass ratio of 2.8:100. Phantom thick-
ness L [Fig. 2(a)] was measured to an error <100 μm using a
Vernier caliper. Fresh meats were obtained from a local butch-
er’s shop and cut into slices 1000� 200 μm thick. Aqueous
solutions of glucose and ions were prepared using sterile deion-
ized water.

2.3 Basic Principles of Terahertz Optoacoustics

Illuminating an absorber with a short electromagnetic pulse
leads to an initial optoacoustic pressure P0 described by47

P0 ¼ ΓηthμaF ¼
�
βV2

S

CP

�
ηthμaðλÞ; (1)

where Γ is the dimension-less Grüneisen parameter, which rep-
resents the anharmonicity of the absorption material and is re-
lated to the thermal coefficient of volume expansion β, the speed
of sound VS, and the specific heat capacity CP. The factor μa
represents the optical absorption coefficient, F shows the optical
fluence (the optical energy per unit area), and ηth defines the
percentage of absorbed energy converted into heat, which is
usually characteristic for a given material but is generally con-
sidered to be 1.48 Γ depends only on the absorbing material,
while F depends on the characteristics of the electromagnetic
wave. The parameter μa is determined by the absorption char-
acteristics of the material at the given frequency of the electro-
magnetic wave.49

In aqueous solutions, the parameters μa, β, VS, and CP are
functions of both temperature and solute concentration.
The optoacoustic signals of glucose solutions with different
concentrations (see Fig. S3 in Supplementary Material) were
simulated using k-Wave software50 and parameters from the
literature.51–53

The initial acoustic pressure is generated according to Eq. (1)
and traverses the samples to the transducer.54 The detected signal
will be affected by the spatial impulse response (SIR) and the

electronic impulse response (EIR) of the transducer.48,55 The SIR
is related to the shape and location of the transducer surface. The
EIR is related to the properties of the piezoelectric crystal and
the probe circuit. The final detected pressure can be expressed
as P ¼ P0ðr; tÞ ⊗ SIRðr; tÞ ⊗ EIRðtÞ.

3 Results
First, we tested the detection of the time-domain THz-OA sig-
nals from water in different samples of agar-in-water phantoms,
water in microfluidic chips, and ex vivo tissues to verify the fea-
sibility of using water as a detector for terahertz radiation. In
particular, we examine how the detected signals would change
with the distance l traveled by the terahertz pulses to the tera-
hertz absorber, corresponding to the “penetration depth.” We
varied the total thickness L of agar-in-water phantoms, allowing
it to range from smaller to much larger than the maximum pen-
etration depth lmax [Fig. 2(a)]. When L > lmax, we expected that
the mismatch of the acoustic impedance between air and agar
would cause the primary THz-OA signal (I) to be reflected back
and forth between two surfaces within the phantom, generating
multiple echoes (II, …) [traces marked with brown arrows,
Fig. 2(a)]. As expected, the THz-OA signals varied directly with
L, in both the time domain [Fig. 2(b)] and frequency domain
[Fig. 2(c)]. Analysis in the time domain showed that when
L ¼ 0.3 mm (L ≤ lmax), only one typical N-shaped signal was
observed [Fig. 2(b)], indicating transmission of the acoustic
wave to the detector without an initial delay or echo. When L ¼
0.85 mm (L > lmax), the signal showed a small initial delay
and overlap between the primary signal (I) and its echoes.
When L ¼ 4.25 mm (L ≫ lmax), the original signal (I) and
multiple echoes (II, …) of similar shape and decreasing ampli-
tude were observed, with increasing initial delay. Analysis in
the frequency domain showed that when L ≤ lmax, the signal
had the widest acoustic frequency band [Fig. 2(c)]. When
L > lmax, the signal overlap strengthened certain frequencies,
including the central frequency of ∼1.3 MHz, as a result of
resonance. When L ≫ lmax, the signal in the frequency domain
showed no obvious central peak but several attenuated high-
frequency components due to acoustic attenuation with the
increase of the ultrasonic transmission path. The phantom
experiments demonstrate that the proposed time-domain THz-
OA method avoids the thickness limitation on aqueous samples
when measuring terahertz transmission.

Next, we analyzed the variation in water’s THz-OA signal
with varying sample thickness using a microfluidic chip, where
we could accurately manipulate the penetration depth by alter-
ing the channel depth d [Fig. 2(d)]. A deeper channel means a
longer ultrasonic transmission path and therefore longer initial
delay in the signal [Fig. 2(e)]. With increasing channel depth,
the signal shifted toward lower frequencies, as the THz-OA sig-
nal broadened due to deeper penetration, and the high-frequency
components were attenuated due to the longer ultrasonic trans-
mission path [Fig. 2(f)]. These experiments demonstrate that
liquid water can be directly induced to sense terahertz radiation,
and its thickness can be precisely manipulated to study the in-
teraction between terahertz radiation and liquid water without
attenuation of detection sensitivity.

To validate nondestructive THz-OA testing on biological
samples, we applied this to slices ∼1 mm thick of fresh beef
brisket ex vivo [Fig. 2(g)]. The THz-OA signals were obtained
from one fatty region and one lean region. Analysis in the time
domain showed that signals from neither region penetrated the
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entire tissue and that signals from the fatty region were wider
and lasted longer than signals from the lean region [Fig. 2(h)].
Analysis in the frequency domain showed that signals centered
around ∼1.7 MHz from the fatty region and ∼1 MHz from the
lean region [Fig. 2(f)]. This difference is consistent with the
higher lipid content and therefore lower water content of fat,
which results in deeper penetration that generates lower-
frequency acoustic signals. Similar results were obtained with
various other types of lean and fatty meats (see Fig. S1 in
Supplementary Material). The ex vivo experiments demonstrate
that tissues differing in biomolecular composition produce dis-
tinguishable THz-OA signals in the time and frequency do-
mains, suggesting the potential for biomedical applications.

The experiments with agar-in-water phantoms, water in a
microfluidic chip, and tissues ex vivo demonstrate that the pro-
posed THz-OA effect can directly induce water to act as a de-
tector of terahertz radiation, even in thick samples. Next, we will
examine whether the time-domain THz-OA method could
manipulate the optoacoustic signal from water to enhance the
sensitivity of water-based sensing or dampen it to allow sensi-
tive detection of other molecules of interest. We hypothesized
that we could manipulate the signal through temperature, as
shown previously for water and aqueous solutions in optoacous-
tic spectroscopy in the megahertz regime.56 In the experiment,

a temperature control module was utilized, and a peristaltic
pump delivers liquid into the channel of the microfluidic chip
on the sample holder at a defined temperature [Figs. 1(a) and
2(d)]. When pure water was characterized, the THz-OA signal
showed the amplitude that varied directly with temperature over
the biologically relevant range from 0°C to 40°C. This result was
observed in the time domain [Fig. 3(a)] and frequency domain
[Fig. 3(b)], with amplification exceeding 10-fold over the
temperature range. Closer analysis revealed that amplitude first
decreased from 0°C to around 2°C, after which it increased
[Fig. 3(c)]. Therefore, under our experimental conditions, the
thermal expansion coefficient or Grüneisen parameter of water
fell to zero, and the minimum THz-OA signal was observed
around 2°C. This so-called “water-muting temperature” differs
from the previously reported value of 4°C,56 perhaps because of
a temperature difference between the sample holder and the
water in the chip. The THz-OA signals of water below and
above the water-muting temperature showed the same waveform
inversion as in the megahertz regime [Fig. 3(c)].56

This led us to ask whether the dampening of the water signal
would allow isolation of the signal from biomolecular solutes of
interest. To address this question, we measured NaCl aqueous
solutions at light concentrations reaching the NaCl level in
the human body.57 Time-domain analysis of signals from pure

Fig. 3 Temperature dependence of the THz-OA signal of water. (a) Time-domain THz-OA signal
of water at different temperatures. (b) The THz-OA signals from (a) were transformed to the
frequency domain. (c) THz-OA amplitudes of water over the temperature range from 0°C to 5°C.
The insets show the raw THz-OA signal at 0°C (dark blue) or 4°C (light blue).
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water and increasingly concentrated NaCl solutions showed
that the transmitted amplitude measured by the commercially
available THz-TDS system cannot be effectively distinguished
with concentrations less than 0.5 mol∕L [Fig. 4(a)], as did
the optoacoustic amplitude recorded by our setup at 24°C
[Fig. 4(b)]. However, the optoacoustic amplitude recorded
by our setup at 5°C [Fig. 4(c)] increased with NaCl concentra-
tions, demonstrating that the detection sensitivity can be
enhanced to 0.05 mol∕L. The time-domain THz-OA signals
also shifted to earlier time points with higher ion concentra-
tions due to changes in the speed of sound in ion solutions.
Normalized THz-OA and THz-TDS amplitudes varied with
ion concentrations, revealing that the sensitivity of the re-
sponse was much greater near the water-muting temperature
[Fig. 4(d)]. In fact, our time-domain THz-OA method showed
an order of magnitude greater sensitivity at 5°C than the com-
mercially available THz-TDS system.

With sensitivity-enhanced time-domain terahertz opto-
acoustics, we also measure aqueous solutions of ions at high

concentrations (see Fig. S2 in Supplementary Material) in order
to study more characteristic parameters related to both terahertz
absorption and ultrasonic propagation. The amplitudes of the
THz-OA signals from pure water and increasingly concentrated
CaCl2 and NaCl solutions increased with ion concentrations at
5°C or 24°C when the concentration was lower than the turning
point around 4 mol∕L [Figs. 5(a) and 5(b)]. At the same ion
concentration and temperature, the signal amplitude was higher
for CaCl2 than NaCl. The difference in signal amplitude be-
tween 24°C and 5°C decreased with increasing ion concentra-
tion, which may reflect the compressibility coefficient changing
with the increasing number of water molecules located in their
hydration sphere.58 Since the physical properties of ionic solu-
tions depend on hydration number,59,60 both the concentration
turning point and compressibility coefficient can be used to
quantify the hydration number of aqueous solutions.58,61 Our re-
sults suggest that the proposed time-domain THz-OA method is
indeed promising for examining the hydration number in ionic
solutions and its influence on biological activities.

Fig. 4 Concentration dependence of the time-domain THz-OA signal of NaCl solutions with light
concentrations at 24°C and 5°C. (a) THz-TDS profiles of pure water and increasingly concentrated
NaCl solutions. Measurements were taken at 24°C. (b) THz-OA response of pure water and in-
creasingly concentrated NaCl solutions at 24°C. (c) The same measurements were performed as
in (b) but at 5°C. (d) Normalized amplitudes obtained for different NaCl concentrations in aqueous
solution using the proposed THz-OA effect at 24°C (purple) and 5°C (black) and a commercially
available THz-TDS (brown).
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4 Discussion and Conclusion
Using an ultrafast terahertz source and a conventional piezoelec-
tric transducer, we detected time-domain THz-OA signals from
agar-in-water phantoms, ex vivo tissues, as well as water and
aqueous solutions in a microfluidic chip over a 104-fold range
in thickness from microns to centimeters. The THz-OA signal
carrying interaction information between terahertz radiation and
the sample can be transmitted to a long distance up to several
centimeters. Here, the interaction length is longer than that of
THz-TDS in reflection or in a thin aqueous sample. This is be-
cause all terahertz radiation can be absorbed and converted into
the THz-OA signal, i.e., it is not necessary for the terahertz ra-
diation passing through the sample to be detected by the tera-
hertz detector in THz-TDS. The time-domain THz-OA method
demonstrated here is a breakthrough that enables detection of
THz-OA signals directly induced in water with the thickness
102-fold larger than traditional terahertz detection methods, such
as THz-TDS. Our observations demonstrate the feasibility of
precise and nondestructive THz-OA analysis of thick, biologi-
cally relevant samples, eliminating the need for sample pretreat-
ments, such as dehydration or cryosection, which may destroy
biological integrity.62,63 The experimentally characterized obvious
differences in THz-OA signals, both in time and frequency do-
mains, for a range of tissues suggest the potential for spectros-
copy and imaging based on time-domain terahertz optoacoustics.

We showed that terahertz optoacoustics can rely on water as a
detector of terahertz radiation and that its detection sensitivity
can be manipulated by altering temperature. By lowering the
temperature of aqueous solutions of ions, we were able to mute
the THz-OA contribution from water and enrich it for the con-
tribution from solutes of interest. In fact, our system showed
an order of magnitude greater sensitivity to changes in NaCl
concentration than a commercially available THz-TDS system.
Our method for the terahertz regime extends previous studies of
optoacoustic spectroscopy of aqueous solutions in the near- and
mid-infrared regimes, which established the potential of muting
the water contribution.56,64 This water-manipulated THz-OA
method can uniquely achieve sensitivity-enhanced label-free
quantification of ion concentrations reaching the concentration

level in the human body. More temperature- and concentration-
related parameters related to both terahertz absorption and
ultrasonic propagation can be acquired by THz-OA signals to
potentially study the biological and chemical properties, such as
the hydration number of ion solutions, through precise mathemati-
cal modeling. In addition, we have extended the proposed time-
domain terahertz optoacoustics to characterize other biologically
important solutes such as glucose and were able to reproduce
these experimental results in simulations based on parameters
in the literature (see Fig. S3 in Supplementary Material).51–53

The experimental setup in this work relies on a femtosecond
laser amplifier and tilted-pulse-front excitation technology,43

which generates a more uniform terahertz pulse at safer energies
than free-electron lasers.40,41 We used terahertz pulses lasting
less than one picosecond in order to achieve stable and repro-
ducible optoacoustic response without destructive shockwaves.
Such short pulses with reasonable repetition rate and radiant ex-
posure meet the laser limit needed for biological safety, which
are unlike the terahertz pulses with excessively high repetition
rate or high pulse energy that can influence protein structure or
generate bubbles in liquid water.40,41

The experimental setup relies on a conventional piezoelectric
ultrasonic transducer, which may perform more stably and at
lower cost than an optical microring resonator.42 The universal
ultrasonic transducers have been widely used in biomedical ap-
plications to detect both the transparent media and turbid sam-
ples, such as biotissues, while the shadowgraph imaging system
in Refs. 40 and 41 can only obtain images of transparent sam-
ples. In addition, the conventional transducer can be upgraded
with multiple channels, allowing simultaneous collection of
THz-OA signals from multiple absorbers or even multidimen-
sional THz-OA imaging. Our microfluidic chip was fabricated
using PDMS, which allows efficient transmission of THz-OA
signals to the detector.42 It is possible that derivatives of this
polymer or even other materials may increase the intensity of
acoustic waves arriving at the detector.

The proposed time-domain THz-OA method can directly re-
flect interactions between samples and multispectral terahertz
radiation, rather than interactions between samples and opto-
acoustic waves in Refs. 40 and 41. To identify different target

Fig. 5 Concentration dependence of THz-OA amplitude of CaCl2 and NaCl solutions with high
concentrations at 24°C and 5°C. THz-OA amplitude of aqueous solutions of (a) CaCl2 and
(b) NaCl before normalization (gray) and after normalization (blue). Measurements were taken
at 24°C (solid bar and line) or 5°C (dotted bar and line).
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molecules based on their THz-OA fingerprints, it may be pos-
sible to use tunable, narrow-spectrum terahertz radiation sources
or custom-designed contrast agents. Tunable terahertz sources
would allow multispectral detection as well as functional imag-
ing analogous to multispectral optoacoustic tomography,65–67 but
with additional information about the composition, structure,
and dynamics of inorganic and organic species that the terahertz
regime can provide.6–18

The ability of this time-domain THz-OA method to span
such a large thickness range makes it well suited for optical- and
acoustic-resolution microscopy as well as endoscopy. Terahertz
optoacoustics offers far more potential than traditional terahertz
imaging, in which information is obtained about a super thin
layer on the surface of a sample based on reflection or transmis-
sion of terahertz radiation relative to a reference signal. In bio-
medical applications of traditional terahertz imaging, image
contrast is strongly limited by the water content of the sample,
and spatial resolution is limited by the terahertz diffraction
limit.7,31,68 Indeed, terahertz optoacoustics offers the same imag-
ing advantages as optoacoustics in other wavelength regimes.
Regardless of wavelength, optoacoustics offers much deeper
penetration than optical microscopy because acoustic waves are
scattered orders of magnitude less than light waves as they pass
through the sample.47 Another advantage is that optoacoustic
signals can contain structural as well as functional information
because the initial optoacoustic pressure is related to the func-
tional parameters of samples such as absorption coefficient and
thermal expansion coefficient (see Sec. 2).

The time-domain THz-OA method described here may pro-
vide a foundation for innovations in spectroscopy and imaging.
These include new terahertz-based platforms for biomedicine
and chemistry, in particular, such as THz-OA spectroscopy,
THz-OA imaging, THz-OA microscopy, THz-OA endoscopy,
and multispectral THz-OA functional/molecular imaging.
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