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In this work, based on the method of infrared emission spectroscopy, the study of
emission spectra of interferon-gamma (IFNy) solution in a mixture or surrounded by
three low-concentration solutions (IFNy, antibodies to IFNy, glycine buffer) or water
control was performed. First of all, the solutions of low concentrations themselves
were studied. It was shown that low-concentration solutions of IFNy and antibodies to
IFNy had lower emission intensity in three spectral bands near 800, 1,300 and 2000 cm™!
compared to water control. Glycine buffer solution had a radiation level indistinguishable
from that of the control. In this work, the effect of adding these low-concentration solutions
to IFNy (1 mg/ml) was compared to the effect of adding water control to IFNy. All solutions
or water were added in 10% (v/v). It was found that adding each of the three test solutions
induced an increase in the radiation intensity of the IFNy solution in the spectral range of
400-1700 cm™' (compared to the IFNy solution with control spike). It was also tested
whether the radiation of the studied low-concentration solutions surrounding the IFNy
solution (1 mg/ml) affected the IFNy radiation. The measurement results were compared to
the data obtained for IFNy surrounded by water control. All three solutions were found to
exert a distant effect on the IFNy solution (1 mg/ml), which was manifested in a decrease in
the intensity of its radiation near 1,000 and 1,500 cm™' compared to the control solution of
IFNy. Thus, the emission spectra of low-concentration aqueous solutions were measured
for the first time, and differences in the emission spectra of the IFNy solution depending on
low-concentration additives and the environment were shown. The paper interprets the
observed differences and discusses possible mechanisms underlying the observed
phenomena.

Keywords: infrared, infrared spectroscopy, emission spectroscopy, protein solutions, aqueous solution, emission of
protein, emission of solution, interferon-y

INTRODUCTION

In the paper [1], a new approach to the IR emission spectroscopy of water protein solutions is
proposed. It was demonstrated that the approach possessed ultrahigh sensitivity and could be used
for a multidimensional analysis of the structure of protein solutions. In this paper, the developed
method was used for the study of water protein solutions (interferon-gamma (IFNy), antibodies to
interferon-gamma (Ab to IFNy)) and glycine buffer (GB) at low concentration. The issue of
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sensitivity when dealing with low concentrations is of utmost
importance, in particular, given the fact that some studies [2-7]
have revealed the effects observed in protein solutions at low
concentrations that can hardly be explained directly by the
properties of protein and the solvent, i.e., water. Furthermore,
the present study analyzed the properties of the protein (IFNy)
dissolved in the above-mentioned solutions at low concentration.
Such experiment served as an extension to the studies of the
impact of low-concentration solutions of substances on high-
concentration solutions of the same substances [8-13]. These
studies demonstrated that solutions of the substances at ultralow
concentration could specifically modify the physical and/or
functional properties of the solution of the same substance (or
solution of the interacting substance) at high concentration when
mixed. As there is a good reason to believe that solutions of the
substances have specific electromagnetic emission, by which they
can affect other molecules or biological systems [14], we intended
to test a hypothesis whether aqueous solution with high
concentration could specifically “perceive” the emission of the
ambient solution [15] and thus modify its properties. To evaluate
the viability of the hypothesis, the properties of IFNy surrounded
by the above-mentioned solutions at low concentrations, but
without their interaction, were analyzed (ie., the distant
interaction through a vessel wall was assessed).

The study purpose was to detect emission of the solutions with
low concentration of protein and amino acid, to compare
emission spectra of various low-concentration solutions and to
analyze the effect (direct and distant) of such solutions on the
protein (IFNy).

MATERIALS AND METHODS

Measurement of Emission Spectra

The study used IR emission spectroscopy. Vacuum IR Fourier
transform spectrometer Vertex 80v (Bruker, Germany) was used
for the measurement of spectra. The sample emission was
recorded using MCT-detector refrigerated with liquid nitrogen.
The sample was placed into focus of an external emission source
with a black body background at the boiling point of nitrogen.
Thus, high sensitivity to sample emission and low level of
background emission was achieved. The method is detailed in [1].

Treatment of Emission Spectra

After measurement, emission spectra were treated. Actually, in
addition to emission from the samples, background emission also
plays a role; it should be taken into account that liquid sample
emission may be partially absorbed by the cuvette window.
Therefore, each emission spectrum measured was corrected as
follows:

L= (Iop - Ly x T x T,,) [ T,,, (1)

I~corrected emission spectrum of the test solution;
Ixp—emission spectrum of solution measured in the cuvette on
a cold background (not corrected); I,,~emission spectrum of the
cuvette window on a cold background; T,-the sample
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transmission spectrum; T,,~the cuvette window transmission
spectrum.

Figure 1 illustrates correction of spectrum according to the
formula Eq. 1.

The term I,, x T; x T,, of formula Eq. 1 allows the role of
background emission passing through window 1 (I,,) weakened
by the passage through a sample layer (I,, x T,) and window 2 (I,,
xTs x T,,) to be subtracted from the emission spectrum measured.
Denominator T, in transformation Eq. 1 accounts for the fact
that sample emission weakens passing through a cuvette output
window. The study did not considered the effect of the other two
windows from KRS-5 (spectrometer input window and detector
window) and spectrometer beam splitter from KBr located
between the sample cuvette and the detector (see [1]) to
investigate their role in emission and absorption. Emission
and absorption of the windows and the beam splitter were not
taken into account since all samples were compared in terms of
emission spectra measured with their unchanged presence. The
transmission spectra of T; and T,, were measured using the same
spectrometer, but in a standard configuration, i.e., placing the
cuvette with the sample in the sample compartment.

Test Samples

Aqueous solutions at low concentration were obtained from
recombinant human interferon-gamma (IFNy) (provided
blinded by OOO “NPF “Materia Medica Holding”, Russia)
with molecular weight of 16.8 kDa in phosphate-buffer saline
(pH 7.4), at 0.44 mg/ml; antibodies to IFNy (Ab) (manufactured
by AB Biotechnology Limited, United Kingdom) in glycine buffer
(pH 7.2) at 2.3 mg/ml; glycine buffer (GB) (pH 7.2) at 2.3 mg/ml
(manufactured by Sigma-Aldrich, United States). The solutions
were produced by serial dilution of the initial substances in water
with vigorous shaking at each step with the theoretical
concentration reduction of at least 10** times (ultrahigh
dilutions). Water subjected to similar dilution process
(hereinafter—control water) was used as a control. All dilutions
were prepared by OOO “NPF “Materia Medica Holding” in
sterile glass vials closed with lids (Glastechnik Grifenroda,
Germany). The solutions were uncoded after the results of the
experiment had been obtained.

Furthermore, the effect (direct and distant) of low-
concentration solutions on IFNy in phosphate-buffer saline
(pH 7.4) (OO0 “NPF “Materia Medica Holding”, Russia) at
1 mg/ml was investigated. The protein at this concentration was
stored in polypropylene Eppendorf microtubes.

Deionized water with a conductivity of 18.3 MQ*cm obtained
using a Milli-Q unit (Merck Millipore, Germany) was only used
for preparation of solutions and cuvette washing.

Experimental Design

(1) Solutions with ultra-diluted IFNy, Ab to IFNy and GB were
used to evaluate the potential of emission spectroscopy for
studying solutions with very low concentrations. Emission
spectra of these solutions were compared to those of
control water.

(2) Toinvestigate the direct effect of low-concentration solutions
on IFNy, 10v% of each test sample in polypropylene
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FIGURE 1 | lllustration of emission fluxes in the measurement system clarifying corrective transformation Eg. 1.

Eppendorf microtube was added to 20pL of the IFNy
solution 1mg/ml. This means that the final IFNy
concentration in the test solutions was 0.9 mg/ml
Emission spectra of such mixtures were compared to
emission spectrum of IFNy, to which 10v% control water
was added.

(3) To investigate the distant effect of low-concentration
solutions on IFNy, 10v% milli-Q water in polypropylene
Eppendorf microtube was added to 20 pL of the IFNy
solution (1 mg/ml) (IFNy concentration was 0.9 mg/ml).
Thereafter, Eppendorf tube with the IFNy solution
(0.9 mg/ml) was immersed in 5ml of the test solution (in
a Glastechnik Grifenroda glass vial, Germany) for 1 h, and
then IFNy emission spectrum was recorded. All Spectra
Were Measured at 25°C.

Statistical Analysis and Comparison of
Samples With Control Water

The measurement of spectra of each sample was made in six
replicas, then mean emission spectrum and 95% confidence
interval were calculated as frequency functions. Further,
sample emission spectra were compared to that of the control
to detect statistically significant differences between them.
Comparison was performed using the following formula:

d(v) = [M;(v) = Mc(%)| = [CL () + CL. ()], @)

where M; (v) are mean values of the sample and the control
water emission intensity at v frequency, Cl;. is the 95%
confidence intervals corresponding to this frequency. The
differences are deemed to be potentially significant at the
estimated value of d exceeding 0 (i.e., where confidence
intervals do not overlap). As the data are frequency
function, graphical form of function d(v) presentation is
easy to use for their comparison.

RESULTS

Further, the term “statistical significance” denotes the positive
result of formula Eq. 2, and not the smallness of the probability of
an accidental occurrence of such or even more extreme value.
Though emission spectra were measured within wave numbers
from 400 to 7,500 cm™', statistically significant differences
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FIGURE 2| (A) Emission spectra of the test samples. (B) Comparison of
emission spectra of the test solutions with the control according to formula (2).

between the spectra compared could not be detected in any of
the study cases for wave numbers >2,300 cm™". Therefore, spectra
>2,400 cm ™" are not presented.

Figure 2A shows emission spectra of three study solutions.
Emission spectra clearly show two main maximums
corresponding to libration (~700cm™') and bending
(~1,650 cm™") bands of water emission. Description of the
nature of these emission bands is given in [1] demonstrating
that emission occurs due to the water molecule transfer from
excited vibration levels with non-zero population at this
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FIGURE 3 | (A) Emission spectra of the IFNy 1 mg/ml solutions
supplemented with the 10v% test samples or the control. (B) Paired
comparisons of emission spectra of the IFNy 1 mg/ml solutions
supplemented with the 10v% test samples for detecting statistically
significant differences from the IFNy 1 mg/ml solution supplemented with the
control according to formula (2).

temperature to the ground level. In addition to the two bands
specified being typical of all aqueous solutions, one can see the
differences in the spectra shown. Above all, on average, the
control spectrum is more intensive compared to the other
three spectra. Figure 2B shows paired comparisons of the test
solutions with the control solution in terms of their emission
spectra according to formula (2).

Therefore, though the typical protein bands were not detected,
the presence of the substance in starting solutions (up to the
reduction in their concentration by serial dilution with active
mixing) generally reduced emission intensity (Figure 2A). As for
the statistically relevant differences between the-low
concentration solutions and control water, the Ab to IFNy
solution shows significantly lower emission intensity close to
800, 1,250, 1,600 and 2000 cm ', the IFNy solution-at about
2000 cm™', which is shown in Figures 2A and 2B. Thus, the
solutions of both study proteins demonstrated reduced emission
intensity at 2000 cm™', which is not expressed in the case of

Emission Spectra of Protein Solutions

control water. In addition, statistically significant differences
between the solution with low GB concentration and control
water were not detected.

Figure 3A shows emission spectra of IFNy 1 mg/ml
supplemented with 10v% test solutions or control. In this case,
it is noteworthy that control water emission spectrum has lower
intensity compared to the spectra of three samples. This means
that IFNy apparently reacts specifically to very low
concentrations of the substances, and its conformation is
modified in a way suggesting an increase in emission.
Figure 3B shows their paired comparison. Interestingly,
solutions with low concentrations of both proteins increase
IFNy emission by 1,200cm™' compared to the effect of
control water, whereas GB does not cause such changes.
Despite this, all three study solutions of the substances at low
concentration increase IFNy emission within 400-1750 cm™’,
with maximum peaks of about 750 and 1700 cm™". This is due
to glycine (including the one contained in proteins) or due to
amino acids or nonspecific role of any substance in starting
solution subject to serial dilution.
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FIGURE 4 | (A) Emission spectra of the IFNy 1 mg/ml solutions
surrounded by each test sample and the control. (B) Paired comparisons of
emission spectra of the IFNy 1 mg/ml solutions surrounded by the test
samples and the control for detecting statistically significant differences
according to formula (2).
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Figure 4A shows emission spectra of the IFNy 1 mg/ml
solution after its incubation surrounded by the test solutions
and control water (distant exposure). Figure 4B shows paired
comparisons of emission spectra of these IFNy solutions
compared to IFNy surrounded by control water.

Generally, IFNy exposure to all three low-concentration
solutions with reduces IFNy emission intensity compared to
IENy exposure to control water; this is apparently due to
modified energy of its condition and, therefore, its conformation.

According to Figure 4B, there is a difference between the non-
contact effect of all three solutions on IFNy and the effect of
control water on IFNy, and different solutions exhibit effects of
various frequencies in spectra.

DISCUSSION

Figures 2B, 3B, and 4B provide evidence of differences in
emission spectra of the samples obtained using low-
concentration solutions of IFNy, Ab, GB and control water.
Differences in emission spectra may be due to differences in
composition or structure of emitting object, or difference in the
energy of the measured systems (e.g., temperature differences or
forced modification in level population). Temperature of
stabilized with high accuracy, therefore,
differences in energy are unlikely.

Let us consider a variant of difference in 1) composition and 2)
structure of the test solutions. 1) There seem to be no any
differences between the composition of solutions at very low
concentrations (with ultrahigh dilution of the starting substance
up to 10°* times) and water prepared using a similar dilution
technique (control water) as the starting substance is no longer
found in solutions with very low concentrations. However, as
shown in the study [16] where the starting solution contains a
protein component, the concentration of the starting components
in the solution obtained by serial dilution might not correlate with
the estimated concentrations due to flotation. Such solutions may
contain residual amounts (traces) of baseline proteins that may
become denatured due to dilutions with intensive succussion.
This, in turn, may result in peculiarities of emission spectra not
fully correlating with the starting spectra of proteins in native
condition. 2) Another reason for the differences between all test
solutions may be the modification of properties of the water
exposed to intensive mechanical exposure. Long-lasting effects
after such exposure were demonstrated in the studies [17, 18].
Apparently, in the presence of additional molecules in water and
under mechanical impact, water structuredness and its physical-
chemical properties are generated differently compared to pure
water. However, to make sure that the differences in the emission
spectra are due to these reasons, additional investigations are
required to determine typical changes in emission spectra of
solutions exposed to mechanical effects and in the presence of
denatured forms of protein.

Fundamental interpretation is also possible. First, it should
be stressed that we are dealing with the mid-IR range, the
frequencies of which correspond to intramolecular or
intermolecular vibrations of molecules. As emission spectra

solutions was
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FIGURE 5 | Tube wall transmission (polypropylene).

of water protein solutions are measured, emission bands of
water and protein molecules may be expected. The whole range
of frequencies analyzed may be divided into intervals, each of
which corresponds to specific types of vibrations. Several
typical frequency intervals may be distinguished for water
molecules (Figure 5 in [1]): librational vibrations
400-1,500 cm™, bending vibrations 1,500-1800 cm™' and
combination  of librational + bending vibrations
1900-2,600 cm™". Also, the range from 500 to 1700 cm™
records numerous typical emission bands of protein
molecules (Figure 8 in [1]). Thus, differences recorded in
emission spectra at certain frequencies may be attributed to
a specific type of molecular changes. High emission intensity of
one sample compared to another one suggests higher
population of levels at the corresponding frequencies and
vice versa.

Based on this, we may attempt to interpret the detected
differences in the sample emission spectra. Figure 2 suggests
that low-concentration solution of Ab to IFNy shows lower
emitting power compared to control water. Therefore, the Ab
to IFNy solution may show lower population of levels found in
energy region of librational and bending vibrations of water
molecules. The Ab to IFNYy solution also demonstrates lower
emitting power within the band of approximately 2000 cm ™",
which is consistent with lower population of simultaneously
bending and librational water levels. The latter confirms two
individual conclusions on lower population of each of these
levels. As for solution with low concentration of IFNy, lower
population of bending and f librational + bending levels may
also be concluded, and no significant reduction in librational
levels has been reported. This may be due to wide variance and
inadequate number of repeated experiments.

As shown in Figure 3, addition of each 10% (v/v) sample to the
IFNy 1 mg/ml solution results in increased emission intensity
within 400-1800 cm ™' compared to water spike. This means that
if we continue to use the proposed interpretation, all three spikes
increase population of librational and bending levels. It is
noteworthy that addition of low-concentration protein

Frontiers in Physics | www.frontiersin.org

December 2020 | Volume 8 | Article 624779


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Penkov and Penkova

solutions (IFNy and Ab) results in an expressed increase in
population within 1,000-1,100 cm™" typical of protein (see
Figure 8 in [1]), ie. these two solutions somehow activate
intramolecular vibrations in protein molecules. Meanwhile, GB
solution did not cause such increased population, i.e. activation of
intramolecular protein vibrations. The previously shown effect of
solutions with low concentrations on the properties of the starting
substance or a substance interacting with the starting one (see the
Introduction, Refs. [8-13]) was confirmed in this study.

Nonetheless, the explanations do not provide a clear insight
into the mechanisms but rather transfer discussion from the
issue of intensity differences to the issue of vibration level
population differences. Generally, discussing the modification
of properties of solutions due to high dilutions features the
generation of nano-sized objects [19, 20] possessing some
properties. In this case, it is difficult to present such
structures characterized by higher or lower population of
vibration levels of water or protein molecules. Apparently,
the matter may deal with a new theory of aqueous solutions
that might explain redistribution of energies between vibration
levels of the molecules.

The most uncommon result was obtained for IFNy solutions
exposed to the distant effect of other solutions. Figure 4
demonstrates changes in emission spectra of the IFNy solution
secondary to environmental impact of each of the three test
solutions (IFNy, Ab to IFNy, GB) compared to control water.
IENy solution surrounded by solution with ultralow IFNy
concentration shows reduced emission within
1,300-1700 cm™", which may be attributed to environmentally
reduced population of vibration levels of protein molecules and/
or librational and bending levels of water. IFNy solution
surrounded by solution with low concentration of Ab to IFNy
shows lower emission intensity within 1,600-1800 cm™", which
may testify to lower population of levels of bending water
vibrations. IFNy solution surrounded by solution with low GB
concentration shows reduced emission intensity at about 1,000,
1,500 and supposedly 2,200 cm ™, which, in terms of proposed
interpretation, implies reduced population of librational and
bending levels, and their combination. Therefore, all test
solutions impact IFNy solution; however, ultrahigh dilutions
of IFNy modify population of the protein molecule levels,
while other solutions cause changes in level populations of the
water molecules only. In other words, IFNy acted as a molecule
“sensitive” to surrounding by high dilution of the original
substance, which is generally consistent with the conclusions
made in [15]. We suggest that distant action may play a certain
role in the development of the modifying effect of high dilutions
on the original substance. Such effect is described in [8-13].

The principal issue in interpretation is to understand how
solutions without direct mixing may affect each other. As the
study demonstrates emission in solutions with very low
concentrations, we may suggest that emission of one solution
can modify the properties of another one resulting in changes in
its emission. Furthermore, the literature reports that THz
excitation of water emission is induced by impulse laser
(coherent electromagnetic field) [21]. However, such
hypothesis is inconclusive as spectral transmission of the tube

Emission Spectra of Protein Solutions

is relatively low in the region of emission of aqueous solutions
(Figure 5); in addition, at such absorption, the tube material
emits as a gray body. Nevertheless, it is noteworthy that all IFNy
samples tested were placed into similar tubes, and while all the
effects of low-concentration solutions on IFNy were compared to
the effect of control water on IFNy, the role of proper emission of
the tubes was leveled out, and the differences in emission between
IFNy solutions in various environments were recorded by d (v)
(formula (2)).

It should also be noted that the differences shown in Figure 4B
are relatively small compared to Figures 2B and 3B. Therefore, it
is unclear whether the scope of statistical data is sufficient and
whether the differences reported could be random outliers. These
data are the most difficult to explain, so further investigation
could be required. At any rate, even small changes in the patterns
described are promising in revealing the previously unknown
mechanisms of interactions in aqueous solutions. Eventually, it
may be of interest in a wide range of scientific disciplines from
fundamental physics to applied fields, such as medicine.

In this work, the emission spectra of solutions were measured
in the mid-IR frequency range. It is obvious that the wider the
spectral range, the more complete information on the substance
structure can be obtained [22]. The expansion of the spectral
range toward higher frequencies is problematic due to the need to
heat the sample [1]. The expansion into the low-frequency region
(far IR range) is quite possible. To do this, one only needs to select
the appropriate spectral elements: windows and a high-
performance beam splitter, as well as a cooled detector, such
as a silicon bolometer. Far-IR emission spectra can provide
additional information on the intermolecular structure and
hydrate shells [23-25].

CONCLUSION

This paper is the first one to describe the measurement of
emission spectra of ultrahigh dilutions of protein (IFNy, Ab to
IFNy) and amino acid (glycine) solutions (the so-called low
concentrations’). It was demonstrated that there were
differences in emission spectra of these solutions compared
to control water. The differences were detected in emission
spectra of the IFNy 1 mg/ml solutions spiked with solutions
with low concentrations compared to similar IFNy solutions
spiked with control water and between each other. The
Difference was found between emission spectra of IFNy
surrounded by low-concentration solutions s and emission
spectra of IFNy surrounded by control water; meanwhile,
emission spectrum depends on specific surrounding
solution. Therefore, it was demonstrated that IFNy was
sensitive to spiking of solution with low IFNy or Ab to
IFNy concentrations produced by ultrahigh dilution
technology as well as to distant effect of the same solution.
Three potential explanations for the differences in emission
spectra of the solutions were proposed: the effect of dissolution
technique on structural properties of the solution; the changes
in population of vibration levels of water and protein
molecules; the effect of emission of one solution on the
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properties of the other one. However, further investigation is

required for

conclusive determination of the actual

mechanisms underlying the processes observed.
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