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Abstract: Terahertz spectroscopy allows for the analysis of vibrations corresponding to the large-scale
structural movements and collective dynamics of hydrogen-bonded water molecules. Previously,
differences had been detected in the emission spectra of interferon-gamma (IFNγ) solutions sur-
rounded by extremely diluted solutions of either IFNγ or antibodies to IFNγwithout direct contact
compared to a control. Here we aimed to analyse the structural properties of water in a sample of
an aqueous solution of IFNγ via terahertz time-domain spectroscopy (THz-TDS). Tubes with the
IFNγ solution were immersed in fluidised lactose saturated with test samples (dilutions of antibodies
to IFNγ or control) and incubated at 37 ◦C for 1, 1.5–2, 2.5–3, or 3.5–4 h. Fluidised lactose was
chosen since it is an excipient in the manufacture of drugs based on diluted antibodies to IFNγ. After
incubation, spectra were recorded within a wavenumber range of 10 to 110 cm−1 with a resolution
of 4 cm−1. Lactose saturated with dilutions of antibodies to IFNγ (incubated for more than 2.5 h)
changed the structural properties of an IFNγ aqueous solution without direct contact compared to
the control. Terahertz spectra revealed stronger intermolecular hydrogen bonds and an increase
in the relaxation time of free and weakly bound water molecules. The methodology developed on
the basis of THz-TDS could potentially be applied to quality control of pharmaceuticals based on
extremely diluted antibodies.

Keywords: terahertz; new properties; lactose; interferon-gamma; high dilutions; structural properties;
water hydrogen bonds

1. Introduction

Modern research into the physics of water and aqueous solutions shows that the activ-
ity of extremely diluted aqueous solutions [1] is determined by the preparation process,
which combines an external treatment (electromagnetic field exposure or mechanical vibra-
tion) and multiple sequential dilutions of the original substance. The external treatment of
water is, in its essence, a complex physical process leading to changes in the physicochemi-
cal properties of the solvent [2]. Accordingly, it has been shown that exposure to 36 GHz or
42 GHz microwaves modifies the physical and biological properties of water. Moreover,
this effect will persist for tens of minutes or even longer after the electromagnetic field
generator is turned off [3].

A recent finding is important in understanding the mechanisms of activity for ex-
tremely diluted solutions and how they are influenced by physical factors. It has been
discovered that the preparation of effective extremely diluted solutions is impossible un-
der hypomagnetic conditions [4]. Many works have been devoted to identifying various
nanoscale objects in such dilutions [1,2,5–7]. These studies have made it possible to sub-
stantiate the structural features of extremely diluted solutions (their functional activity
aside). The physical mechanism of this activity may lie in the ability of aqueous solutions
subjected to a physical treatment to emit waves in the submillimeter frequency range. It
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has been demonstrated that water, after its exposure to a femtosecond laser, emits radiation
in the terahertz frequency range [8,9].

A number of publications have recently appeared on the biological activity of ex-
tremely diluted solutions of antibodies to IFNγ [10–13]. It was shown that this activity is
based on the ability of extremely diluted solutions of antibodies to modify the conformation
of their target molecule, IFNγ. Nuclear magnetic resonance (NMR) analysis demonstrated
that adding extremely diluted solutions of antibodies to an IFNγ aqueous solution resulted
in conformational changes in the IFNγ molecule with an accompanied modification of
its biological activity [14,15]. In one recent study [16], a fundamentally new ability of the
extremely diluted solutions’ mechanism of action was discovered. It would seem that
their effect can be realised without direct contact with the substance (i.e., distantly). We
detected specific changes in the mid-IR region emission spectrum after an aqueous solution
of IFNγwas placed in a sealed plastic tube and immersed in extremely diluted solutions
of either IFNγ or antibodies to IFNγ for 1 h. The effect of the high dilution technique
used in preparing the test samples on the structural properties of the IFNγ solution is one
possible explanation.

Terahertz spectroscopy has been developing rapidly in recent years. It is the only
method that enables analysis of the vibrations of macromolecules which correspond to
large-scale structural movements, as well as the collective dynamics (vibrational and
relaxation) of hydrogen-bonded water molecules, making it indispensable in the study of
aqueous solutions [17–26]. It was used to demonstrate the properties of water molecules
forming a coat around biological molecules [22,27,28], which may play a role in regulating
their activity [29–31]. The ability of water exposed to various physical factors to emit
THz radiation has been revealed [8,9]. The recently demonstrated contactless effects of
extremely diluted solutions of substances on biological molecules [16], and the role of
THz emission in regulating biomolecule activity [32,33] were prerequisites for studying
the distant effect of extremely diluted solutions on the THz characteristics of an aqueous
protein solution.

Taking the above into account, we decided to evaluate the influence of extremely
diluted solutions of antibodies to IFNγ on its target (namely, an aqueous solution of IFNγ)
without direct contact using terahertz time-domain spectroscopy (THz-TDS). Since lactose
is an excipient in the manufacturing of drugs based on diluted antibodies to IFNγ, the
aqueous solution of IFNγ was studied when surrounded by a water-fluidised lactose
mixture (the lactose was saturated with extremely diluted solutions of antibodies to IFNγ).

As an aside, it is worth mentioning that there are other spectral methods that can
analyse changes occurring in the intermolecular structure of aqueous solutions, namely
Fourier-transform IR spectroscopy (FTIR) [34–36] and Raman spectroscopy [37–39]. These
methods also allow spectra in the far IR region to be obtained, partially covering the THz
range. However, they are not able to determine complex dielectric functions such as the
THz time-domain spectroscopy method. Also, their sensitivity in this range is much lower
than that of THz spectroscopy, which has a dynamic range of 40–80 dB. FTIR and Raman
spectroscopy can also be used to analyse the intermolecular characteristics of aqueous
solutions by measuring spectra in the mid-IR region [38,40–44]. This region contains the
frequencies of intramolecular vibrations of water, which depend on intermolecular binding.
It should be noted that the sensitivity of these methods, one way or another, is inferior to
that of THz spectroscopy.

2. Materials and Methods
2.1. Preparation of Samples

We used water obtained by a Milli-Q purification system (Millipore, Darmstadt, Ger-
many); IFNγ-lyophilised powder of recombinant human IFNγ, 144 amino acids, molecular
weight: 16.8 kDa, purity: 98% (Kozir, Moscow, Russia); antibodies to IFNγ-affinity purified
rabbit polyclonal antibodies (IgG) to recombinant human IFNγ (144 amino acids), con-
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centration: 2.5 mg/mL, purity: 99% (AB Biotechnology, Pentlands Science Park, Penicuik,
Edinburgh UK); lactose monohydrate (SuperTab® 30GR, DFE pharma, Goch, Germany).

It has previously been shown [45] that an aqueous solution of lactose saturated with
extremely diluted solutions of antibodies to IFNγ had terahertz characteristics different
from those of the control sample (an aqueous solution of lactose saturated with a solution
without extremely diluted antibodies), therefore, in this study we used fluidised lactose
saturated with extremely diluted solutions of antibodies to IFNγ.

Two types of samples were analysed:

1. A water-lactose mixture obtained from fluidised lactose saturated with extremely di-
luted solutions of antibodies to IFNγ (see below), hereinafter referred to as
saturated lactose.

2. A water-lactose blend obtained from fluidised lactose saturated with extremely di-
luted solutions of water, designated as a control sample.

Lactose was saturated with antibodies to IFNγ, which had previously undergone a
gradual reduction of their initial concentration (2.5 mg/mL) under specific conditions.
Namely, antibodies to IFNγ were mixed with a solvent (an ethanol-water solution) at a
ratio of 1:100 and underwent intensive vibration treatment to produce the first centesimal
dilution (i.e., 100-fold dilution). All subsequent dilutions consisted of one part of the previ-
ous dilution and 99 parts of the solvent with intensive vibration treatment between each
dilution. Thus, the final solution contained a mixture of 12, 30, and 50 centesimal dilutions
of antibodies to IFNγ. A theoretical concentration reduction of the initial antibodies was
at least 1024 times i.e., 2.5 × 10−24 mg/mL. Water subjected to a similar dilution process
(hereinafter–control) was used as a control. All of the dilutions were prepared by OOO
“NPF “MATERIA MEDICA HOLDING” in sterile glass vials with screw caps (Glastechnik
Gräfenroda, Geratal, Germany). The resulting solution (0.8 kg) was sprayed in a fluidised
bed unit on lactose powder (4 kg) and dried with warm air. The resulting saturated lactose
powder was blended in a mixer with excipients to obtain a mass for tableting; compacting it
in a tablet press produced experimental tablets for the study. The control sample containing
no extremely diluted antibodies was prepared by applying identical procedure to purified
water as initial substance. All samples (in tablet form) for testing were provided by OOO
“NPF “MATERIA MEDICA HOLDING”. The samples were tested blindly and decoded
after the experiment results had been obtained.

Before the study, a stock solution of IFNγ (1 mg/mL) in deionised water was pre-
pared, and then split into 2 mL aliquots in 5 mL polystyrene tubes (Eppendorf, Hamburg,
Germany). In total, 12 aliquots of IFNγwere prepared: six of them were used for experi-
ments with lactose saturated with antibodies to IFNγ, and the remaining six were used for
control experiments. Each of the six prepared samples was tested for statistical processing.
Aliquots were stored at a temperature ranging from −18 to −22 ◦C for no more than a
week and thawed at room temperature immediately before use in experiments.

Right before the experiment, the samples were prepared for testing as follows:

1. 7 mL of water was added to 40 experimental tablets (300 mg each) of each sample
and left at room temperature (humidity 35%) for 15 min in sterile glass vials with
screw caps (Glastechnik Gräfenroda, Geratal, Germany). Then the resulting paste
was mixed with a spatula.

2. An aqueous solution of IFNγ (1 mg/mL) to the volume of 2 mL in a 5 mL polystyrene
test tube was immersed in a vial with a water-lactose mixture. Thus, the part of the
test tube filled with IFNγ was completely surrounded by a water-lactose mixture.
There was no direct contact between the IFNγ aqueous solution and the water-lactose
mixture–they were separated from each other by the wall of the test tube.

3. The vial (with the immersed polystyrene test tube of IFNγ inside it) was immersed in
a Ministat 230 liquid thermostat (Huber, Offenburg, Germany), set at 37.0 ◦C. After
one hour, 0.5 mL of the IFNγ solution was taken out of the tube for spectral analysis
(sample 1, see Section 2.2). The rest of the sample was left incubated under the same
conditions. After analysing the first sample, a second sample was taken for spectral
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analysis in a similar way. The total incubation time of the second sample was 1.5–2 h.
After analysing the second sample, a third sample was taken which was incubated for
2.5–3 h. Thus, we analysed not only the effect of the saturated lactose and the control
on the IFNγ aqueous solution but also the effect’s dependence on the incubation time.

It is known that water is able to change its functional characteristics under the influence
of weak and superweak magnetic fields [4]. In order to minimise the effect of external
undesirable physical influences on the studied samples, the same number of saturated
lactose samples and control samples were tested on each day of the experiment; in general,
each type of experimental sample was tested in 6 independent repeats.

In addition, the same experiment was carried out, but the incubation time of the
polystyrene test tube of IFNγ in water-lactose mixture was 3.5–4 h. Each sample was tested
in seven independent repeats (18 spectral records were obtained from the Control sample
and 21 spectra records were obtained for the Saturated lactose sample).

2.2. THz-TDS

In this study, we used the THz-TDS technique. It allows the simultaneous acquisition
of absorption and refraction spectra of the test substance to calculate complex dielectric
functions without using the Kramers–Kronig transformations. The details of this method
are described, for example, in [46]. The spectra were recorded with a TPS Spectra 3000
spectrometer (Teraview, Cambridge, UK) in a wavenumber range from 10 to 110 cm−1 with
a resolution of 4 cm−1. To obtain one spectrum, averaging over 2000 scans was performed.
The humidity of the air in the room during the measurements was controlled and was
approximately 35%.

The spectra of solutions were recorded in two identical cuvettes with different dis-
tances between the windows: 50.02 µm and 100.17 µm. The spectrum of the solution in the
first cuvette was considered to be the background spectrum, and the spectrum of the same
solution in the second cell was considered to be the spectrum of the sample. The spectrum
of the sample differs from the background spectrum only in the availability of an additional
50.15 µm layer of the solution being studied. This approach to spectra recording ensures
that all optical-spectral artefacts are avoided. The details of this procedure are described
in [27]. Teflon gaskets were installed between the windows. The cuvette windows were
made of z-cut quartz.

The exact distances between the windows were determined after assembling the
cuvettes. For this, the transmission spectra of empty cuvettes at a range of 4000–7000 cm−1

(since the z-cut quartz is transparent in this range) were recorded on a Nicolet 6700 Fourier
transform IR spectrometer (Thermo, Waltham, MA, USA). The spectra contained equidis-
tant bands with the distance ∆ν due to the etalon effect. This effect was used to calculate
the distance l between the windows according to the following formula:

l (µm) =
5000

∆ν(cm−1)
. (1)

The temperature of the samples during measurement was stabilised at 25 ± 0.5 ◦C
by placing the cuvette in a thermostatic holder—a 4000 Series High stability temperature
controller (Specac Inc., Orpington, UK).

After placing the cuvette with the sample in the cuvette compartment, the latter was
closed with a lid, and a 10 min pause was made before measurement began. This was
necessary to stabilise the temperature and purge the spectrometer with dry air. Purging
was performed with an FT-IR Purge Gas Generator 74-5041 (Parker Hannifin Corporation,
Haverhill, MA, USA).
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2.3. Spectral Data Analysis

The complex function of permittivity ε∗(ν) was calculated from the recorded trans-
mission spectra Tr (ν) and the refractive index n (ν), using the following formula:

ε∗(ν) = n2(ν)−
[

ln Tr(ν)
4πν∆l

]2
− i× n(ν) ln Tr(ν)

2πν∆l
, (2)

where ν is the wavenumber; i is the imaginary unit; and ∆l is the difference in thickness
between the windows in the two used cuvettes (50.15 µm).

In this work, we analysed the dielectric characteristics of water in IFNγ solutions
(under the influence of the environment of the test samples). The dielectric permittivity
ε∗sol , of solutions, calculated by Formula (2), contains information about both the dielectric
permittivity of water ε∗w, and the dielectric permittivity of the protein ε∗p available in the
solution. In this case, contributions of both components to dielectric permittivity are
not additive due to mutual polarisation effects. Models of an effective medium are used
to describe the dielectric properties of two-phase systems. For a continuous medium
(water) with small inclusions (protein molecules), which are much smaller in size than
the wavelengths of the frequency range under consideration and are close to spherical
symmetry, the Bruggeman model is suitable [47]:

fp
ε∗p − ε∗sol

ε∗p + 2ε∗sol
+
(
1− fp

) ε∗w − ε∗sol
ε∗w + 2ε∗sol

= 0. (3)

To calculate the dielectric function of the aqueous phase ε∗w from Formula (3), it is
necessary to know the volume fraction of the protein fp and its complex permittivity ε∗p.
fp = 7.14 × 10−4 was calculated from the mass fraction of IFNγ (0.001) and its density. The
protein density was estimated at 1.40 g/cm3 on the basis of the literature data [48].

From the data in [49], it is possible to extract approximate values of the real and
imaginary parts of dielectric permittivity of the protein ε′p and ε

′′
p, using the example of

BSA: at 1 THz, they are 2.89 and 0.26, respectively. For water, these values at the frequency
of 1 THz are about 4.6 and 2.6, and the ratios between the dielectric functions of water and
protein (close to these values) remain in the frequency range from 10 to 100 cm−1. Thus, the
value ε

′′
p turns out to be an order of magnitude less than the values ε′w, ε

′′
w and ε′p, included

in the Formula (3), in the entire analysed frequency range. Therefore, it can be omitted to
simplify calculations. We assumed that the dielectric function of the protein ε∗p contains
only the real part ε′p. Since this value varies slightly within the range of 10 to 110 cm−1, we
assumed it to be constant and equal to 2.89.

The solution of Equation (3) containing complex values can be obtained by dividing it
into two equations according to the principle of separating the real part and the imaginary
part. Thus, solving a system of two equations with real values is required. The solution to
Equation (3) with complex functions was obtained in [22] and is as follows:

ε′w = b
a ∗

c∗b−a∗d
b2+a2 − c

a ,
ε
′′
w = c∗b−a∗d

b2+a2 ,
a = ε′p +

(
2− 3 fp

)
× ε′sol ,

b =
(
2− 3 fp

)
× ε

′′
sol ,

c =
(
3 fp − 1

)
× ε′p × ε′sol + 2

(
ε
′′2
sol − ε′2sol

)
,

d =
(
3 fp − 1

)
× ε′p × ε

′′
sol − 4ε′solε

′′
sol .

(4)

where ε′p, ε
′′
p—the real and imaginary parts of ε∗p, ε′sol , ε

′′
sol—the real and imaginary parts

of ε∗sol . The Formulas (4) were used to calculate ε′w and ε
′′
w—the real and imaginary parts

of ε∗w. Next, the dielectric constant parameters were calculated on the basis of fitting the
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model dielectric constant to the experimental one. The model dielectric constant was set
as follows:

ε∗w =
∆ε1

1− i2πντ1
+

∆ε2

1− i2πντ2
+

A

ω2 − (2πν)2 − i2πνγ
+ ε∞ + i

σ0

ε02πν
, (5)

where τ1, ∆ε1 are the time and amplitude of Debye relaxation [50,51] and τ2 and ∆ε2
are the time and amplitude of the relaxation process related to free or weakly bound
water molecules [23,52,53]; A, ω, γ are the amplitude, resonance frequency and damping
parameter of intermolecular vibrations of water molecules bound by hydrogen bonds,
respectively [54,55]; ε∞ is the high-frequency dielectric constant (in the region of higher
frequencies relative to the vibrational band); i is the imaginary unit; σ0 is dc-conductivity;
ε0 is the vacuum dielectric constant; and ν is frequency.

Some parameters of the model function (5) can be determined without using the
fitting. The conductivity parameter σ0 due to the unavailability of salts in the solution can
be set equal to zero. The parameter of the high-frequency dielectric constant ε∞ can be
considered constant, as it hardly changes among slightly different solutions. Moreover,
its small variations do not significantly change the dielectric constant. This parameter
was equated to a value of 2.5, which corresponds to the value of the real part of the water
dielectric constant at a frequency of about 300 cm−1.

The first term in (5) describes a hydration-sensitive Debye relaxation process. When
water molecules are bound into hydration shells, the amplitude decreases and the absorp-
tion maximum of this band shifts into the low frequency region. Since we are analysing
a portion of the spectrum (from 10 to 110 cm−1) far from the maximum of the Debye
relaxation band (0.6 cm−1) and only registering its high-frequency edge, a decrease in the
amplitude ∆ε1 in our spectra is recorded similarly to a shift of the maximum towards lower
frequencies (an increase of relaxation times τ1). In this regard, there is no need to consider
parameters ∆ε1 and τ1 as independent and search for them both. In our calculations, we
calculated the parameter ∆ε1, and the parameter τ1 was fixed at 8.28 ps, which is charac-
teristic of water at 25 ◦C [56]. The remaining six parameters (∆ε1, ∆ε2, τ2, A, ω, γ) were
calculated using the fitting. The criterion for the fitting was minimisation of the χ value:

χ =
1
N

√√√√√ N

∑
i=1

( ε′′ ex(νi)− ε′′mod(νi)

ε′′mod(νi)

)2

+

(
ε′ex(νi)− ε′mod(νi)

ε′mod(νi)

)2
, (6)

where the indices «ex» and «mod» refer to the experimental and model dielectric functions,
νi—discrete wave numbers of points in the measured spectrum, N = 250—the number of
analysed points in the spectrum.

2.4. Statistical Data Analysis

The distribution normality was assessed by the Shapiro-Wilk test, and homogeneity
of dispersions was assessed by the Bartlett test. The samples studied were compared with
the use of analysis of variance (ANOVA). The differences were considered statistically
significant at p < 0.05.

3. Results
3.1. Dielectric Permittivities of Aqueous Phase of Analyzed IFNγ Solutions

Figure 1 shows the real and imaginary parts of dielectric permittivity of the aqueous
phase of the studied IFNγ solutions. We should note that the given dielectric permittivities
are related only to water phase of the solutions, since the contribution of dissolved IFNγ
was excluded by effective medium model (see Section 2.3, Equations (3) and (4)).
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Figure 1. Dielectric permittivities (real ε′ and imaginary ε′′ parts) of the aqueous phase of the studied IFNγ solutions. The
total incubation times of IFNγ solutions in the saturated lactose (black line (ε′) or dashes (ε′′)) and control (gray (ε′) or
dashes (ε′′)) environment are 1 h (a), 1.5–2 h (b), 2.5–3 h (c), 3.5–4 h (d).

3.2. Parameters of the Model Dielectric Permittivity of the Aqueous Phase of IFNγ Solutions

As a rule, the THz spectra of solutions do not include sharp spectral bands (Figure 1),
as it can be seen in mid IR or GHz ranges. This is the reason for complexity and sometimes
ambiguity of the interpretation of THz spectra of the liquids. To obtain data that could be
clearly interpreted, the parameters of the model dielectric permittivity (Equation (5)) were
calculated, which are presented in Table 1.

Table 1. Results of terahertz time-domain spectroscopy data analysis: model calculated parameter values (5). The data are
presented as mean ± SD.

Incubation
Time Sample ∆ε1 ∆ε2 τ2*10, ps A/103, cm−2 A/ω2 ω, cm−1 γ, cm−1

1 h
Control 71.03 ± 4.08 2.63 ± 0.13 3.06 ± 0.28 72.00 ± 20.62 1.68 ± 0.15 204.50 ± 21.69 190.00 ± 54.59

Saturated
lactose 67.52 ± 4.49 2.76 ± 0.07 3.12 ± 0.16 57.00 ± 13.67 1.64 ± 0.11 185.33 ± 15.88 154.17 ± 37.34

1.5–2 h
Control 67.08 ± 3.97 2.74 ± 0.15 3.13 ± 0.15 70.67 ± 21.61 1.68 ± 0.16 202.33 ± 22.57 189.17 ± 46.20

Saturated
lactose 66.18 ± 2.70 2.77 ± 0.15 3.19 ± 0.25 70.67 ± 11.15 1.70 ± 0.07 203.00 ± 11.85 188.33 ± 29.10

2.5–3 h
Control 67.30 ± 5.97 2.68 ± 0.12 2.92 ± 0.16 50.67 ± 7.23 1.58 ± 0.08 178.67 ± 9.18 134.17 ± 19.85

Saturated
lactose 66.65 ± 2.43 2.79 ± 0.15 3.22 ± 0.15 *

(p = 0.007)
67.33 ± 11.57 *

(p = 0.01) 1.70 ± 0.10 198.33 ± 12.99 *
(p = 0.01)

180.00 ± 28.64 *
(p = 0.009)

3.5–4 h
Control 67.91 ± 8.60 2.34 ± 0.22 2.74 ± 0.21 53.84 ± 22.82 1.46 ± 0.36 188.17 ± 16.87 174.57 ± 32.99

Saturated
lactose 67.24 ± 9.26 2.49 ± 0.22 *

(p = 0.042)
3.03 ± 0.28 *
(p < 0.001)

74.10 ± 23.93 *
(p = 0.035) 1.57 ± 0.21 212.94 ± 26.93 *

(p = 0.004)
222.34 ± 46.03 *

(p < 0.001)

* Statistically significant difference from the corresponding control at the corresponding time (the corresponding p-value is indicated
in parentheses).
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Parameters of Table 1 contain the integral characteristics of dielectric permittivities and
have a certain physical meaning. The analysis of these parameters of solutions compared
to each other allows interpreting the intermolecular structure and dynamics of water.

Incubation of IFNγ solutions in a saturated lactose and control environment for less
than 2 h did not lead to a significant difference in the calculated parameters of the model
(5). However, when incubated for 2.5–3 and 3.5–4 h, statistically significant differences
were found (Table 1).

Thus, statistically significant differences between the IFNγ solutions incubated for
more than 2.5 h without direct contact with the saturated lactose and the control in the
parameters A,ω, γ, τ2 were obtained.

4. Discussion

The findings indicate that as a result of immersing a vial with an IFNγ solution in
saturated lactose for 2.5–4 h, significant structural and dynamic changes occur in the IFNγ
aqueous solutions. However, no statistically significant changes were found with exposure
times of less than 2 h. In order to explain the effect, it can be assumed that incubation
of an intact protein solution for 2.5–4 h at 37 ◦C leads to conformational changes in the
protein and they mediate changes in the structure of water [22]. However, the design of
our experiment was such that the properties of IFNγ surrounded by the saturated lactose
were compared with those of IFNγ surrounded by the control sample. In both cases, the
incubation time of IFNγ and the incubation temperature were identical. In an experiment
designed in such a way, it can be concluded that it is the extremely diluted solutions of
antibodies to IFNγ that affect the IFNγ solution, rather than the temperature and time
of incubation.

Another possible interpretation may be the distant effect of extremely diluted so-
lutions of antibodies to IFNγ on the molecular structure and dynamics of the water in
the IFNγ solution. The contactless effect of extremely diluted solutions of antibodies to
IFNγ on the IFNγ aqueous solution resulted in an increase in four parameters of the water
dielectric constant (listed in Table 1). An increase in intermolecular vibration frequencyω
indicates that, on average, the strength of the hydrogen bonds between water molecules
has increased. An increase in parameter γ indicates an increase in the width of the dis-
tribution of hydrogen bond energies. This means that an increase in ω is associated not
with a vibrational band shift, but with its expansion towards higher frequencies. Thus,
the changes that occurred in the IFNγ solution entail stronger hydrogen bonds appearing
between water molecules, while the weak ones remain unchanged.

The findings agree with the results of [45], where it was also shown that the spectrum
of intermolecular binding energies expands in the presence of extremely diluted solutions
of antibodies to IFNγ. However, there is a significant difference between our data and the
data of the aforementioned work; the effect of extremely diluted solutions of antibodies to
IFNγ on water occurs not due to a direct molecular interaction, but distantly.

In addition to the parameters ω and γ, we also registered an increase in parameter
A in the IFNγ solution under the influence of the emission of extremely diluted IFNγ
antibody solutions. Note that from the point of view of its dielectric properties, the basic
parameter is not A, but A/ω2. It is this relationship that determines the vibration process’s
contribution to the overall dielectric response of the system, by analogy with amplitude
∆ε for relaxation processes. When comparing the A/ω2 parameter for extremely diluted
solutions of antibodies to IFNγ and the reference sample, no significant differences were
found. This means that the total dielectric response caused by intermolecular vibrations
has not changed, rather redistribution towards higher frequencies has occurred. It follows
that this change can be registered neither at a lower nor a higher frequency but only in the
THz region. This once again emphasises the specificity of THz spectroscopy in studying
intermolecular dynamics in aqueous solutions.

In addition to the vibrational band parameters, we also found an increase in the
relaxation time τ2. This relaxation process is due to dielectric relaxation of free [21] or
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weakly bound water molecules [57]. An increase in τ2 indicates an increase in the resistance
of surrounding hydrogen-bonded water molecules to rotation of the free/weakly bound
molecules. At the same time, there were no differences in the parameter ∆ε1. This means
that the increase in hydrogen bonding recorded from the change in the intermolecular vibra-
tional dynamics of water has practically no effect on the Debye relaxation of bound water
molecules. At the molecular level, Debye relaxation consists in the simultaneous break-
ing of all hydrogen bonds of a water molecule with its subsequent reorientation [50,58].
At 25 ◦C there are 3.6 hydrogen bonds per water molecule on average [59]. That is, Debye
relaxation is a rather high-energy process; therefore, small changes in the average energy
of intermolecular binding cannot significantly affect it. At the same time, for free or weakly
bound water molecules (with one distorted hydrogen bond), even small changes can have
a noticeable effect and we can see it from the change in the parameter τ2.Therefore, in
aqueous solution of IFNγ exposed to extremely diluted solutions of antibodies to IFNγ,
more strongly bound water molecules appear. It affects free and weakly bound water
molecules, leading to a slowdown in their rotational relaxation.

Thus, this paper demonstrates that dilutions of antibodies to IFNγ are able to distantly
alter the structure of an IFNγ aqueous solution. The contactless effect of radiation of
some systems on others has been known for a long time. Research in this field is ongoing,
both in the field of biology [60,61] and in physical chemistry [16,62,63]. Presently, it
would be logical to consider two possible mechanisms underlying the effect of contactless
impact. The first mechanism is VRET (vibrational resonant energy transfer), which is
carried out by intra- and intermolecular exchange, including through-space interaction [64].
However, VRET is very short-range, making it difficult to seriously consider it as a possible
mechanism of the effect of one system on another through vessel walls. Another possible
mechanism is mediated by the emission of waves. This mechanism is consistent with the
results of our previous research, which showed the presence of radiation in extremely
diluted solutions of antibodies to IFNγ in the IR region [16], and has also been attested
by other research groups [65,66]. Although the mid-IR range carries information about
intramolecular structure, it depends, in part, on intermolecular binding. This is the basis
of the approach to determine the connectivity of water molecules via intramolecular
vibrations [67,68]. There is now no doubt that a change in the conformation of a protein is
accompanied by a change in its water shell [69], and this is inextricably linked to protein
functioning [70]. The reverse is also true: a change in the water shells leads to a change
in the conformation of proteins [15]. The physical mechanism of how extremely diluted
solutions of antibodies to IFNγ can affect the hydration shell of proteins, causing changes
in their conformation, has already been shown [15]. Taking into account the experimental
data of this work, it can be concluded that the distant effect of IFNγ antibody dilutions
on the properties of aqueous solutions of IFNγ leads to changes in the properties of both
water and protein conformation, and, consequently, protein functions.

In addition, it has been shown that the exposure of water or aqueous-alcoholic solu-
tions of various concentrations to a laser leads to emission in the THz region [8,71], that
is, a physical effect on a liquid leads to specific radiation of the liquid. When extremely
diluted solutions are obtained, a certain physical effect (vibrational action in the presence
of the initial substance) is also exerted on the initial and subsequent solutions, which leads
to a change in their physical-chemical properties [2,72–75], and, consequently, the solutions
in general. The use of such physical effects may cause extremely high dilutions to have
their own radiation with specific characteristics [16]. Thus, extremely diluted solutions
having their own specific emission (depending on the initial solution being diluted) can
distantly influence their target when exciting them (intensive vibration) leads to emission,
and this can explain how extremely diluted solutions manifest biological activity.

More data and continued research in this field are required. Based on the findings, a
longer study of the process of high dilutions’ contactless action on aqueous solutions of
interferon gamma is of interest in order to determine the kinetics of the effect: the exposure
dependence time. Such experiments will be the next stage of our work in this field, along
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with the study of other issues. The answers these questions will need to be clarified in
order to understand the physics of contactless action processes.

5. Conclusions

This work demonstrates the possibility of the distant effect of extremely diluted
solutions of antibodies to IFNγ on aqueous solutions of IFNγ. The THz-TDS technique
detected changes in the structure of the aqueous solution of IFNγ during its incubation
for 2.5–4 h with the specified sample without direct contact. The essence of the changes
comes down to the appearance of stronger hydrogen bonds between water molecules as
well as a slowdown in the dynamics of free and weakly bound water molecules. In view of
the absence of a direct contact between extremely diluted solutions of antibodies to IFNγ
and an IFNγ solution, an assumption was made that such an impact could be due to the
emission of waves in a specific region. In continuation of this experiment, it would be
appropriate to study in detail the characteristics of the experimental sample’s emission
which hypothetically determines the described effect. When there is a deep understanding
of the underlying mechanisms of the effect, the THz-TDS methodology could be used for
quality control of pharmaceuticals based on extremely diluted solutions of antibodies.

Funding: This study was conducted in the framework of the State assignment of PSCBR RAS, Project
121072900075-6.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work was performed in part on instruments of the Optical Microscopy and
Spectrophotometry core facility, ICB RAS, Federal Research Center “Pushchino Scientific Center for
Biological Research of the Russian Academy of Sciences” (http://www.ckp-rf.ru/ckp/670266/). All
samples (in tablets form) for testing were provided by OOO “NPF “MATERIA MEDICA HOLDING”
as a company manufacturing drugs based on extremely diluted antibodies. OOO “NPF “MATERIA
MEDICA HOLDING” was not involved in the study design, collection, analysis, interpretation of
data, the writing of this article or the decision to submit it for publication.

Conflicts of Interest: The author declares that he has no conflict of interest.

References
1. Chikramane, P.S.; Kalita, D.; Suresh, A.K.; Kane, S.G.; Bellare, J.R. Why extreme dilutions reach non-zero asymptotes: A

nanoparticulate hypothesis based on froth flotation. Langmuir 2012, 28, 15864–15875. [CrossRef] [PubMed]
2. Gudkov, S.V.; Penkov, N.V.; Baimler, I.V.; Lyakhov, G.A.; Pustovoy, V.I.; Simakin, A.V.; Sarimov, R.M.; Scherbakov, I.A. Effect of

Mechanical Shaking on the Physicochemical Properties of Aqueous Solutions. Int. J. Mol. Sci. 2020, 21, 8033. [CrossRef]
3. Fesenko, E.E.; Gluvstein, A.Y. Changes in the state of water, induced by radiofrequency electromagnetic fields. FEBS Lett. 1995,

367, 53–55. [CrossRef]
4. Novikov, V.V.; Yablokova, E.V.; Fesenko, E.E. The role of water in the effect of weak combined magnetic fields on production of

reactive oxygen species (ROS) by neutrophils. Appl. Sci. 2020, 10, 3326. [CrossRef]
5. Demangeat, J.L. NMR water proton relaxation in unheated and heated ultrahigh aqueous dilutions of histamine: Evidence for an

air-dependent supramolecular organization of water. J. Mol. Liq. 2009, 144, 32–39. [CrossRef]
6. Bunkin, N.F.; Shkirin, A.V.; Ninham, B.W.; Chirikov, S.N.; Chaikov, L.L.; Penkov, N.V.; Kozlov, V.A.; Gudkov, S.V. Shaking-Induced

Aggregation and Flotation in Immunoglobulin Dispersions: Differences between Water and Water–Ethanol Mixtures. ACS Omega
2020, 5, 14689–14701. [CrossRef] [PubMed]

7. Bunkin, N.F.; Shkirin, A.V.; Penkov, N.V.; Chirikov, S.N.; Ignatiev, P.S.; Kozlov, V.A. The physical nature of mesoscopic inhomo-
geneities in highly diluted aqueous suspensions of protein particles. Phys. Wave Phenom. 2019, 27, 102–112. [CrossRef]

8. Jin, Q.; Yiwen, E.; Williams, K.; Dai, J.; Zhang, X.C. Observation of broadband terahertz wave generation from liquid water. Appl.
Phys. Lett. 2017, 111, 071103. [CrossRef]

9. Zhao, H.; Tan, Y.; Zhang, R.; Shalaby, M.; Zhang, C.; Zhao, Y.; Zhang, X.-C. Ultrafast hydrogen bond dynamics of liquid water
revealed by terahertz-induced transient birefringence. Light Sci. Appl. 2020, 9, 136. [CrossRef]

http://www.ckp-rf.ru/ckp/670266/
http://doi.org/10.1021/la303477s
http://www.ncbi.nlm.nih.gov/pubmed/23083226
http://doi.org/10.3390/ijms21218033
http://doi.org/10.1016/0014-5793(95)00506-5
http://doi.org/10.3390/app10093326
http://doi.org/10.1016/j.molliq.2008.07.013
http://doi.org/10.1021/acsomega.0c01444
http://www.ncbi.nlm.nih.gov/pubmed/32596606
http://doi.org/10.3103/S1541308X19020043
http://doi.org/10.1063/1.4990824
http://doi.org/10.1038/s41377-020-00370-z


Pharmaceutics 2021, 13, 1864 11 of 13

10. Don, E.; Farafonova, O.; Pokhil, S.; Barykina, D.; Nikiforova, M.; Shulga, D.; Borshcheva, A.; Tarasov, S.; Ermolaeva, T.; Epstein, O.
Use of piezoelectric immunosensors for detection of interferon-gamma interaction with specific antibodies in the presence of
released-active forms of antibodies to interferon-gamma. Sensors 2016, 16, 96. [CrossRef]

11. Don, E.S.; Bobrovnik, S.A.; Sherriff, G.; Myslivets, A.A.; Tarasov, S.A.; Epstein, O.I. Advanced approach to activity evaluation for
released-active forms of antibodies to interferon-gamma by enzyme-linked immunoassay. J. Immunoass. Immunochem. 2019, 40,
250–268. [CrossRef]

12. Don, E.S.; Emelyanova, A.G.; Yakovleva, N.N.; Petrova, N.V.; Nikiforova, M.V.; Gorbunov, E.A.; Tarasov, S.A.; Morozov, S.G.;
Epstein, O.I. Dose-Dependent Antiviral Activity of Released-Active Form of Antibodies to Interferon-Gamma against influenza
A/California/07/09(H1N1) in Murine Model. J. Med. Virol. 2017, 89, 759–766. [CrossRef]

13. Don, E.; Van der Meide, N.; Egorov, V.; Putilovskiy, M.; Tarasov, S. The level of natural autoantibodies to IFN-gamma in varicella
infection treated with antiviral drug Anaferon for children: A pilot study. Immunol. Lett. 2020, 222, 90–94. [CrossRef]

14. Tarasov, S.A.; Gorbunov, E.A.; Don, E.S.; Emelyanova, A.G.; Kovalchuk, A.L.; Yanamala, N.; Schleker, A.S.S.; Klein-Seetharaman, J.;
Groenestein, R.; Tafani, J.-P.; et al. Insights into the mechanism of action of highly diluted biologics. J. Immunol. 2020, 205,
1345–1354. [CrossRef]

15. Woods, K.N. New insights into the microscopic interactions associated with the physical mechanism of action of highly diluted
biologics. Sci. Rep. 2021, 11, 13774. [CrossRef]

16. Penkov, N.; Penkova, N. Analysis of Emission Infrared Spectra of Protein Solutions in Low Concentrations. Front. Phys. 2020,
8, 611. [CrossRef]

17. Nazarov, M.M.; Cherkasova, O.P.; Shkurinov, A.P. Study of the dielectric function of aqueous solutions of glucose and albumin by
THz time-domain spectroscopy. Quantum Electron. 2016, 46, 488–495. [CrossRef]

18. Cherkasova, O.P.; Nazarov, M.M.; Konnikova, M.; Shkurinov, A.P. THz Spectroscopy of Bound Water in Glucose: Direct
Measurements from Crystalline to Dissolved State. J. Infrared Millim. Terahz Waves 2020, 41, 1057–1068. [CrossRef]

19. Penkov, N.V.; Shvirst, N.E.; Yashin, V.A.; Fesenko, E.E. Calculation of the portion of free water molecules in water solutions by
means of spectral analysis. Biophysics 2013, 58, 739–742. [CrossRef]

20. Penkov, N.V.; Yashin, V.A.; Shvirst, N.E.; Fesenko, E.E., Jr.; Fesenko, E.E. On peculiarities of temperature dependences of water
spectra in the terahertz frequency domain. Biophysics 2014, 59, 220–222. [CrossRef]

21. Penkov, N.V.; Shvirst, N.E.; Yashin, V.A.; Fesenko, E.E. On singularities of molecular relaxation in water solutions. Biofizika 2013,
58, 933–941. (In Russian) [CrossRef]

22. Penkov, N.; Yashin, V.; Fesenko, E.E., Jr.; Manokhin, A.; Fesenko, E. A Study of the Effect of a Protein on the Structure of Water in
Solution Using Terahertz Time-Domain Spectroscopy. Appl. Spectrosc. 2018, 72, 257–267. [CrossRef] [PubMed]

23. Penkov, N.; Shvirst, N.; Yashin, V.; Fesenko, E., Jr.; Fesenko, E. Terahertz Spectroscopy Applied for Investigation of Water
Struc-ture. J. Phys. Chem. B. 2015, 119, 12664–12670. [CrossRef] [PubMed]

24. Penkov, N.V.; Yashin, V.A.; Fesenko, E.E., Jr.; Fesenko, E.E. Calculation of the amount of free water molecules in aqueous solutions
by means of spectral parameters from the terahertz frequency domain taking into account processes of screening. Biophysics 2014,
59, 347–350. [CrossRef]

25. Asaki, M.L.T.; Redondo, A.; Zawodzinski, T.A.; Zawodzinski, A.J. Dielectric relaxation of electrolyte solutions using terahertz
transmission spectroscopy. J. Chem. Phys. 2002, 116, 8469–8482. [CrossRef]

26. Peng, Y.; Shi, C.; Zhu, Y.; Gu, M.; Zhuang, S. Terahertz spectroscopy in biomedical field: A review on signal-to-noise ratio
improvement. PhotoniX 2020, 1, 12. [CrossRef]

27. Penkov, N.V.; Yashin, V.A.; Belosludtsev, K.N. Hydration Shells of DPPC Liposomes from the Point of View of Terahertz
Time-Domain Spectroscopy. Appl. Spectrosc. 2021, 75, 189–198. (In English) [CrossRef] [PubMed]

28. Penkov, N.V.; Penkova, N. Key Differences of the Hydrate Shell Structures of ATP and Mg·ATP Revealed by Terahertz Time-
Domain Spectroscopy and Dynamic Light Scattering. J. Phys. Chem. B 2021, 125, 4375–4382. (In English) [CrossRef]

29. Pershin, S.M. Conversion of ortho-para H2O isomers in water and a jump in erythrocyte fluidity through a microcapillary at a
temperature of 36.6 ± 0.3 ◦C. Phys. Wave Phenom. 2021, 17, 241–250. [CrossRef]

30. Dutta Banik, S.; Nordblad, M.; Woodley, J.M.; Peters, G.H. Effect of Water Clustering on the Activity of Candida antarctica Lipase
B in Organic Medium. Catalysts 2017, 7, 227. [CrossRef]

31. Noskov, S.Y.; Kiselev, M.G.; Kolker, A.M. The role of bounded water in protein-ligand association processes. Biophysics 2010, 55,
39–45. [CrossRef]

32. Sun, L.; Zhao, L.; Peng, R.-Y. Research progress in the effects of terahertz waves on biomacromolecules. Mil. Med. Res. 2021, 8, 28.
[CrossRef]

33. 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. [CrossRef]

34. Vasylieva, A.; Doroshenko, I.; Vaskivskyi, Y.; Chernolevska, Y.; Pogorelov, V. FTIR study of condensed water structure. J. Mol.
Struct. 2018, 1167, 232–238. [CrossRef]

35. Shi, L.; Gruenbaum, S.M.; Skinner, J.L. Interpretation of IR and Raman line shapes for H2O and D2O ice Ih. Phys. Chem. B 2012,
116, 13821–13830. [CrossRef]

36. Yakovenko, A.A.; Yashin, V.A.; Kovalev, A.E.; Fesenko, E.E. Structure of the vibrational absorption spectra of water in the visible
region. Biophysics 2002, 47, 891–895.

http://doi.org/10.3390/s16010096
http://doi.org/10.1080/15321819.2019.1567536
http://doi.org/10.1002/jmv.24717
http://doi.org/10.1016/j.imlet.2019.10.015
http://doi.org/10.4049/jimmunol.2000098
http://doi.org/10.1038/s41598-021-93326-1
http://doi.org/10.3389/fphy.2020.624779
http://doi.org/10.1070/QEL16107
http://doi.org/10.1007/s10762-020-00684-4
http://doi.org/10.1134/S0006350913060171
http://doi.org/10.1134/S0006350914020201
http://doi.org/10.1134/S000635091306016X
http://doi.org/10.1177/0003702817735551
http://www.ncbi.nlm.nih.gov/pubmed/28922934
http://doi.org/10.1021/acs.jpcb.5b06622
http://www.ncbi.nlm.nih.gov/pubmed/26335146
http://doi.org/10.1134/S0006350914030178
http://doi.org/10.1063/1.1468888
http://doi.org/10.1186/s43074-020-00011-z
http://doi.org/10.1177/0003702820949285
http://www.ncbi.nlm.nih.gov/pubmed/32705897
http://doi.org/10.1021/acs.jpcb.1c02276
http://doi.org/10.3103/S1541308X09040025
http://doi.org/10.3390/catal7080227
http://doi.org/10.1134/S0006350910010069
http://doi.org/10.1186/s40779-021-00321-8
http://doi.org/10.1038/s41598-018-28245-9
http://doi.org/10.1016/j.molstruc.2018.05.002
http://doi.org/10.1021/jp3059239


Pharmaceutics 2021, 13, 1864 12 of 13

37. Scherer, J.R.; Go, M.K.; Kint, S. Raman spectra and structure of water from −10 to 90. deg. J. Phys. Chem. 1974, 78, 1304–1313.
[CrossRef]

38. Walrafen, G.E.; Hokmabadi, M.S.; Yang, W.H. Raman isosbestic points from liquid water. J. Chem. Phys. 1986, 85, 6964–6969.
[CrossRef]

39. Kraiski, A.V.; Mel’nik, N.N. Low-frequency Raman spectra in water and in weak aqueous solutions. Spatial inhomogeneity in
hydrogen peroxide solution. Biophysics 2012, 57, 750–756. [CrossRef]

40. Slatinskaya, O.V.; Pyrkov, Y.N.; Filatova, S.A.; Guryev, D.A.; Penkov, N.V. Study of the Effect of Europium Acetate on the
Intermolecular Properties of Water. Front. Phys. 2021, 9, 63. [CrossRef]

41. Noguchi, T.; Sugiura, M. Structure of an active water molecule in the water-oxidizing complex of photosystem II as studied by
FTIR spectroscopy. Biochemistry 2000, 39, 10943–10949. [CrossRef] [PubMed]

42. Sommers, G.M.; Andrade, M.F.C.; Zhang, L.; Wang, H.; Car, R. Raman spectrum and polarizability of liquid water from deep
neural networks. Phys. Chem. Chem. Phys. 2020, 22, 10592–10602. [CrossRef] [PubMed]

43. Fadeev, V.V.; Burikov, S.A.; Volkov, P.A.; Lapshin, V.B.; Syroeshkin, A.V. Raman scattering and fluorescence spectra of water from
the sea surface microlayer. Oceanology 2009, 49, 205–210. [CrossRef]

44. Burikov, S.A.; Dolenko, T.A.; Velikotnyi, P.A.; Sugonyaev, A.V.; Fadeev, V.V. The effect of hydration of ions of inorganic salts on
the shape of the Raman stretching band of water. Opt. Spectrosc. 2005, 98, 235–239. [CrossRef]

45. Penkov, N.; Fesenko, E. Development of Terahertz Time-Domain Spectroscopy for Properties Analysis of Highly Diluted
Antibodies. Appl. Sci. 2020, 10, 7736. [CrossRef]

46. Theuer, M.; Harsha, S.S.; Molter, D.; Torosyan, G.; Beigang, R. Terahertz time-domain spectroscopy of gases, liquids, and solids.
Chemphyschem 2011, 12, 2695–2705. (In English) [CrossRef]

47. Choy, T.C. Effective Medium Theory: Principle and Applications; Oxford University Press: Oxfordshire, UK, 2016.
48. Fischer, H.; Polikarpov, I.; Craievich, A.F. Average protein density is a molecular-weight-dependent function. Protein Sci. 2004, 13,

2825–2828. [CrossRef]
49. Markelz, A.G.; Roitberg, A.; Heilweil, E.J. Pulsed terahertz spectroscopy of DNA, bovine serum albumin and collagen between

0.1 and 2.0 THz. Chem. Phys. Lett. 2000, 320, 42–48. [CrossRef]
50. Von Hippel, A.R. The dielectric relaxation spectra of water, ice, and aqueous solutions, and their interpretation. I. Critical survey

of the sta-tus-quo for water. IEEE Trans. Electr. Insul. 1988, 23, 801–816. [CrossRef]
51. Laage, D.; Hynes, J.T. A Molecular Jump Mechanism of Water Reorientation. Science 2006, 311, 832–835. [CrossRef]
52. Yada, H.; Nagai, M.; Tanaka, K. Origin of the fast relaxation component of water and heavy water revealed by terahertz time

domain attenuated total reflection spectroscopy. Chem. Phys. Lett. 2008, 464, 166–170. [CrossRef]
53. Zasetsky, A.Y. Dielectric relaxation in liquid water: Two fractions or two dynamics? Phys. Rev. Lett. 2011, 107, 117601. [CrossRef]
54. Nielsen, O.F. Low-frequency spectroscopic studies of interactions in liquids. Annu. Rep. Prog. Chem. Sect. C Phys. Chem. 1993, 90,

3–44. [CrossRef]
55. Nielsen, O.F. Low-frequency spectroscopic studies and intermolecular vibrational energy transfer in liquids. Annu. Rep. Prog.

Chem. Sect. C Phys. Chem. 1996, 93, 57–99. [CrossRef]
56. Ellison, W.J. Permittivity of pure water, at standard atmospheric pressure, over the frequency range 0–25 THz and the temperature

range 0–100 ◦C. J. Phys. Chem. Ref. Data 2007, 36, 1–18. [CrossRef]
57. Buchner, R.; Barthel, J.; Stauber, J. The dielectric relaxation of water between 0 ◦C and 35 ◦C. Chem. Phys. Lett. 1999, 306, 57–63.

[CrossRef]
58. Von Hippel, A.R. The Dielectric Relaxation Spectra of Water, Ice, and Aqueous Solutions, and Their Interpretation. 2. Tentative

Interpretation of the Relaxation Spectrum of Water in the Time and Frequency Domain. IEEE Trans. Electr. Insul. 1988, 23, 817–823.
[CrossRef]

59. Djikaev, Y.S.; Ruckenstein, E. Dependence of the number of hydrogen bonds per water molecule on its distance to a hydrophobic
surface and a thereupon-based model for hydrophobic attraction. J. Chem. Phys. 2010, 133, 194105. [CrossRef]

60. Rossi, C.; Foletti, A.; Magnani, A.; Lamponi, S. New perspectives in cell communication: Bioelectromagnetic interactions. Semin.
Cancer Biol. 2011, 21, 207–214. [CrossRef]

61. Thomas, Y.; Schiff, M.; Belkadi, L.; Jurgens, P.; Kahhak, L.; Benveniste, J. Activation of human neutrophils by electronically
transmitted phorbol-myristate acetate. Med. Hypotheses 2000, 54, 9–33. [CrossRef]

62. Hwang, S.G.; Hong, J.K.; Sharma, A.; Pollack, G.H.; Bahng, G. Exclusion zone and heterogeneous water structure at ambient
temperature. PLoS ONE 2018, 13, e0195057. [CrossRef]

63. Montagnier, L.; Aissa, J.; Del Giudice, E.; Lavallee, C.; Tedeschi, A.; Vitiello, G. DNA waves and water. J. Phys. Conf. Ser. 2011, 306, 012007.
[CrossRef]

64. Dong, X.; Wang, S.; Yu, P.; Yang, F.; Zhao, J.; Wu, L.Z.; Tung, C.H.; Wang, J. Ultrafast Vibrational Energy Transfer through
the Covalent Bond and Intra-and Intermolecular Hydrogen Bonds in a Supramolecular Dimer by Two-Dimensional Infrared
Spectroscopy. J. Phys. Chem. B 2020, 124, 544–555. [CrossRef]

65. De Ninno, A.; Pregnolato, M. Electromagnetic homeostasis and the role of low-amplitude electromagnetic fields on life organiza-
tion. Electromagn. Biol. Med. 2017, 36, 115–122. [CrossRef]
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