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Figure 3. Refractive index of the proteins rn21, rn22, rn28, n42, n43 and n53 for samples with a
concentration of 2.0 µg/µL and a quantity of 8 µg. Reprinted from Ref. [174].

The refractive index vs. frequencies in the THz range of these six different species of
proteins are different and well-separated, allowing to distinguish each protein. Although
the error bars overlap, the curve trend points out that the protein with a higher molecular
mass has a stronger refraction capacity, namely a greater refractive index at every frequency.
Authors have investigated the ability of THz imaging to differentiate and quantify the
content of different kinds of specific proteins. The intensity or the level of shade of the
image is directly related to the number of proteins participating in the absorption, see
Figure 4. For this purpose, a nitrocellulose blotting membrane (NC) was dropped with
liquid solutions of the six proteins, formulated inside the five solutions with corresponding
concentrations of 2 µg/µL, 1 µg/µL, 0.5 µg/µL, 0.25 µg/µL and 0.125 µg/µL, dissolved
in solution of 1 ⇥ PBS at pH 7.2. Observing Figure 4b, a variation of the average color-
scale of proteins rn21, rn22 and n43 was evident; firstly, it increases at 0.5 µg, and then
it decreases at 1 µg, 2 µg, 4 µg and 8 µg as a function of protein quantity (except for the
8 µg of Protein n43). At variance, the average color scales of proteins rn28 and n42 exhibit
the opposite trend (see Figure 4b). For the six kinds of proteins with the same amount,
the intensity of gray levels behaves similarly to the refractive index absorption. The THz
experimental results of Han et al. match exactly the results of the dot blot (see Figure 4a)
method. Besides, the application of THz spectroscopy does not merely distinguish the
different proteins, it precisely acquires the protein quantity distribution, but it is able to
reduce the time procedure compared to conventional immunoassays in the label-free and
non-destructive mode.

Figure 4. The imaging of the membrane: (a) the dot blot result, (b) the pseudo-color image of gray
image formatted by the relative THz energy integration of transmission spectrum pixel by pixel.
Reprinted from Ref.[174].
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The structural flexibility of the protein allows to skillfully change its conformation
without modifying the function it has to perform [175]. The frequency dependence of
the density of the vibrational modes in the biological temperature range can quantify
flexibility [163]. One example involves the transfer of cytochrome c (CytC) protein electrons.
The CytC constituent amino acids have a covalently linked heme group with two oxidation
states, ferri-and ferro-CytC. Ferri-CytC is less thermally stable than ferro-CytC and has also
a higher hydrogen exchange and proteolytic digestion rate [169]. The THz spectroscopy
was revealed as a powerful investigation tool because the collective vibrational modes
fall into the THz domain, ranging from 0.03 to 6 THz (1–200 cm�1) [176]. Chen and co-
workers [175] examined the complex THz dielectric response of CytC films in the two
oxidation states and found that absorption and refractive indexes tend to increase with the
degree of oxidation. A sharp increase in the density of the vibrational modes and/or the
dipole coupling in the interval is observed in the range 0.15–2.4 THz (5–80 cm�1).

The influence of various physical and/or chemical factors [177–182] can induce protein
denaturation with a relative change of the internal structure and properties of protein
molecules. The structural change induced in the protein consequently alters its functionality,
a delicate aspect in food processing, protein purification, nutrition, biomedicine and the
food industry. Several examples underlined the advantage of THz technology in the study
of protein denaturation and conformational changes. Studies with native sperm-whale
myoglobin indicated that loss of secondary and tertiary structures influences the far-IR
spectra as spectral changes in the region between 11.1 and 15.6 THz (370–520 cm�1) along
with broader changes around 6.0 THz (200 cm�1) [183]. Firstly, the denaturation of the
PsbO protein [184] and two photosynthesis chlorophyll proteins CP43 and CP47 [185–187]
were examined though THz-TDS. Recently, a consistent, strong increase in the <3 THz
(100 cm�1) absorbance was shown in the measurements of non-native hen egg white
lysozyme (HEWL) [188] and human serum albumin (HSA) [189]. Yoneyama et al. [162],
using THz spectroscopy, measured the thermal denaturation of BSA protein held in a
membrane device, observing a higher THz transmittance of the thermal denatured BSA
sample compared to that of the native-conformation sample. Temperature-dependent THz
analysis was also led by George et al. [190] on frozen-solution-phase samples of hen HEWL
and CytC proteins, in order to study temperature-dependent conformation of proteins. The
estimation of the imaginary part of the dielectric function as a function of T and fitting
with Arrhenius model activation energies explained the behavior of HEWL being free,
bonded to 3NAG and denatured; CytC was oxidized, reduced and denatured. The thermal
denaturation of HSA in an aqueous buffer solution revealed changes in the absorption
coefficient and refractive index as a function of the temperature [189].

Many of these experiments proved the feasibility of both protein and denaturation
detection, but on the other hand they drew attention to some problems such as low signal-
to-noise ratio and poor sensitivity, especially in the liquid environment because of water
absorption. To overcome these limitations, different approaches can be adopted to en-
hance the THz response of biological samples based on graphene [191], on microfluidic
chips [192,193], novel materials such as meta- and nano-materials [109,194–196], on gold
nanoparticles [197] and on nanoantennas [198].

A promising further step forward in development of THz technology was given
recently by Zhang’s group [199]. They utilized the reflective THz time-domain polarization
spectroscopy (THz-TDPS) method for protein sensing in the liquid environment in the
spectral region 0.1–2.5 THz (3.33–83.3 cm�1). The system, reported in Figure 5a,b, allows
to obtain a polarization sensing, measuring the reflective polarization spectra for a liquid-
phase sample. To this aim, a traditional transmission THz-TDS [97,98] was modified,
adding a reflection module (Figure 5b) to the bottom of the 3D printing sample cell and two
rotatable THz polarizers at the emitting end and detection ports of the spectroscopic system
(Figure 5a). The advantage is to measure the states of signals without the strong THz
water absorption in reflection mode. In addition, authors used a flexible twisted dual-layer
metasurface structure with geometric chirality (Figure 5c–e), as a sensor, to enhance the
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polarization response of three protein samples: BSA, whey protein (WP) and ovalbumin
(OVA).

Figure 5. (a) Schematic diagram of the THz experimental configuration. (b) Photograph of the THz
optical path of the experimental setup. (c) The geometry of the twisted dual-layer metasurface.
(d) The micrograph of the metasurface. (e) Photograph of double-layer metasurface with the flexible
PI substrate. (f) The appearance of BSA solution changes with temperature. Reprinted from Ref. [199].

Generally, circular polarization (CP) sensing shows an improvement in the sensitivity
and more information sensing, if compared with the traditional linear polarization (LP)
spectra. The influence of a double-layer metasurface sensor is proven to enhance also
the polarization response of the sample. In fact, nature-conformation proteins are clearly
distinguishable, and denaturation induced by temperature treatments can be detected
through variations of CP reflection spectra, both right- (RCP) and left-handed (LCP).
Compared with the traditional LP spectra, the CP sensing sensitivity is improved. The
detection sensitivity achieved with thermal denaturation measurements is established to
be Sd = 6.30 dB%, but THz-TDPS reaches a detection sensitivity of Sc = 52.9 dB mL/g for
concentration estimations, reported in Figures 6 and 7.

Figure 6. (a) The peak values of the RLCP and (b) RRCP of BSA, WP and OVA solutions change as a
function of the heat-treatment temperature. The temperatures, reported in these two figures, refer to
the temperature of the complete denaturation for a certain protein. Relationship of the peak value
change of (c) RLCP and (d) RRCP vs. the denaturation percentage. Reprinted from Ref. [199].
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Figure 7. Sensing results of the BSA solution with different concentrations. (a) LCP spectra RLCP
and (b) RRCP at 30 �C. (c) RLCP and (d) RRCP at 90 �C. The peak value (e) RLCP and (f) RRCP of BSA
solution change with sample concentration. Reprinted from Ref. [199].

Proteins require an environment as close as possible to the living environment, i.e.,
an aqueous solution. The role of water in protein dynamics has been, and still is, debated.
Although water is a limiting factor in THz spectroscopy due to strong absorption in the
spectral region of interest, this does not limit protein hydration studies. Combining THz
spectroscopy and molecular simulations, Meister’s group [200] looked at the behavior
of long-range protein–water dynamics in hyperactive insect antifreeze proteins. THz
measurements are highly dependent on relative humidity, as protein films have a high
affinity for adsorbed water [201]. Heyden and Havenith [202] engaged in both experimental
and theoretical study of protein-hydration coupling. Xu et al. [203] measured the absorption
spectrum of solvated BSA between 0.3 and 3.72 THz (10–124 cm�1) in order to monitor its
collective vibrational dynamics and obtain information in the low-frequency region. They
successfully estimated the THz molar absorption of solvated BSA from the much stronger
attenuation of water. They deduced that the vibrational modes of solvated proteins lead
to a dense and overlapping spectrum monotonously increasing with frequency. The lack
of a distinct and spectrally structured spectrum suggested the lack of a specific dominant
collective vibration foreseen by molecular dynamics simulations and normal mode analysis
of a series of small proteins.

Furthermore, the study of the protein–water interaction can be reported at the cellular
level, which turns out to be highly fashionable. In fact, membrane proteins are those that in
this context are most involved in the interaction with water, with possible changes in the
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structure and the ability to create a network of hydrogen bonds, which can be explored from
1 to 6 THz. Pal and Chattopadhyay [204] probably provided the first and accurate overview
of the potential of THz spectroscopy in this area. They demonstrated how THz-TDS and
some optical parameters (e.g., the dielectric constant) can describe specific changes in the
membrane microenvironment and lipid concentration. The references listed since up to
now only emphasize the potential of THz radiation in the field of protein biochemistry.
Specifically, the ability of THz spectroscopy to detect the presence of types of proteins, to
quantify their content and to be sensitive to protein conformation paves the way for its use
in the biomedical and bioclinical fields. Many pathologies are in fact due to an alteration of
the aminoacetic sequences and/or functional protein alterations. Recently, Wang et al. [205]
exploited time-resolved THz spectroscopy to analyze serum and cerebrospinal fluid (CSF)
extracted from rats at different times after blast-induced head injury (bTBI), from both the
hypothalamus and the hippocampus.

THz spectra change as a function of time, with different trends for proteins of the
hypothalamus and hippocampus. Specifically, Figure 8a,b shows the results of Wang
et al. [205], relating to absorption spectra and refractive index between 0.2 and 2.0 THz
(6.66–66.6 cm�1) of the total protein in the hypothalamus. The panels showed a magnified
area in the range 1–1.6 THz (33.3–53.3 cm�1). Overall, the absorption coefficient and
refractive index of total proteins in the hypothalamus rose and fell monotonously as a
function of frequency, respectively. To describe the temporal evolution in a clear way,
normalized values of optical parameters were selected at 1.6 THz, in Figure 8c. Differences
were observed just at 3 h from blast exposure; the absorption coefficients relative to mild
and moderate insults were significantly higher than those in the sham group. Subsequently,
increasing the time (6 h and 24 h), these values decreased gradually, returning to the normal
level, although differences persist between the two parameters also 24 h after the blast
exposure.

Figure 8. THz spectra of total protein in the hypothalamus. (a) Absorption coefficient spectra;
(b) refractive index spectra; (c) the normalized absorption coefficient and refractive index values at
1.6 THz. Reprinted from Ref. [205].
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In the same way, THz spectra of the total protein in the hippocampus and its temporal
changes are evaluated and are shown in Figure 9a,c. Both the THz absorption and refractive
index showed no significant changes 3 h after blast exposure, unlike what happens for the
hypothalamus. However, after an additional 3 h, the THz absorption coefficient of the total
protein in the hippocampus increases accompanied by a decrease in the refractive index
THz, with the increase in the traumatic degree. These changes were more noticeable with
the increase in traumatic degree. The bTBI caused some changes in both the hypothalamus
and hippocampus total proteins of rats, a behavior associated with the decrease or the
increase in the number of some biomolecules with effects on the functioning of brain areas
and symptoms of neurological damage. THz technology then appears as a powerful tool
for early recognition and diagnosis of bTBI.

Figure 9. THz spectra of total protein in the hippocampus. (a) Absorption coefficient; (b) refractive
index; (c) the normalized absorption coefficient and refractive index values at 1.6 THz. Reprinted
from Ref. [205].

6. Conclusions

Proteins play a fundamental role in biology and, in particular, in living systems. The
study of the dynamics of proteins provides information on their functionality, catalysis and
potential alteration towards pathological diseases and, therefore, are of interest for various
research fields.

Various techniques are currently used for their quantification, identification and
evolutionary study; still, the demand of new techniques to complement the existing ones is
growing. Although various techniques for protein investigation are currently used in the
industrial, pharmaceutical and diagnostic fields, limitations, complexity and cost represent
serious drawbacks. In this framework, emerging spectroscopic analytical methods, based
on the use of THz radiation in the range 0.1–15 THz, are now competitive methods in the
biochemical community. Thanks to new technology, the potential of THz spectroscopy has
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been affirmed in the analysis of both simple structures, such as polyamide molecules, and
complex structures, such as protein complexes.

This short review highlights the possibility of identifying amino acids and proteins
and revealing protein dynamics. In the first part we recalled the most common and used
techniques from those for the evaluation of protein concentration, the differentiation of
proteins and the study of conformational dynamics and modifications. In the second part
we focused on THz radiation opportunities outlining issues and applications in which it
offers real advantages.

THz spectroscopy provides a unique perspective on the chemical structure, rota-
tional and vibrational molecule modes and intermolecular vibrations, such as hydrogen
bonds [102,103]. Furthermore, it is sensitive to the crystalline structure, therefore able to
distinguish enantiomers, isotopologists and polymorphisms [134]. Most amino acids have
a chiral shape, and THz spectroscopy supports their detection, being particularly useful
in the field of pharmaceuticals, where it is able to clearly differentiate between the amino
acids and the polypeptide and to monitor protein–ligand interactions.

Protein dynamics analysis shows great potentialities, although there are many studies
on the spectral change associated with spontaneous and physico-chemical-induced con-
formational changes. Some caution must be considered in interpretation of these results.
The use of chemical simulations and theoretical approaches based on DFT calculations
have limitations, but learning algorithms, neural models and deep learning approaches
are viable future approaches, as showed by Sun et al., 2018 [206], which combine machine
learning and THz analysis for quantitative protein analysis of BSA, deposited at different
concentrations on thin films. The information content of the THz absorption spectra was
analyzed with principal component analysis (PCA), spectrum regression analysis (SVR)
and maximal information coefficient (MIC) to discriminate frequencies, and machine learn-
ing methods proved efficient for the recognition of spectral features. Although different
applications of this technology showed great potential, scientific and technological issues
still need to be addressed, such as the methodological approach to the analysis of samples in
aqueous solutions and the need to increase the sensitivity of the THz signal in the presence
of weakly active THz materials.
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