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Abstract: Reactive oxygen species (ROS) play a pivotal role in cellular function, and their
overproduction contributes to oxidative stress, fatigue, aging, and diseases. To counteract these
effects, incorporating antioxidant-rich nutrients is recommended. Functional waters, including
electrolyzed hydrogen water (EHW), are gaining attention for potential antioxidant effects through
daily intake. This study employs aquaphotomics and near-infrared spectroscopy (NIRS) to elucidate
the molecular mechanisms behind the antioxidant activity of EHW. Previous investigation reported
a 100% loss in antioxidant functionality through autoclaving, and a 40% decrease with hydrogen
gas removal, prompting the current investigation into the mechanisms of antioxidant effects and
especially the role of water molecular structure in it. Aquaphotomics analysis of near infrared (NIR)
spectral data revealed that the primary characteristic of EHW associated with anti-radical function
is presence of water solvation shells. Autoclaving and degassing led to loss of these water molecular
species and a significant increase in free water molecules. The study suggests that water shells
(solvation shells) in EHW play a crucial role in neutralizing ROS, although the specific ions or
nanoparticles responsible for creating these shells remain unidentified. This concept aligns well
with existing proposals of the crucial role of water solvation shells in ROS neutralization.

Keywords: electrolyzed hydrogen water; reactive oxygen species; oxidative stress; drinking water;
near infrared spectroscopy; aquaphotomics; aquagram; solvation shells; free water molecules

1. Introduction

Reactive oxygen species (ROS) play a pivotal role in the normal functioning, protection, and
survival of living cells, being regularly neutralized by enzymatic and non-enzymatic antioxidants [1-
3]. However, an excessive generation of ROS during energy production can lead to oxidative stress,
a condition produced by the imbalance between oxidants and antioxidants in a biological system,
one of the key factors of aging process and the development of various diseases [3-6]. To counteract
these problems the incorporation of antioxidant nutrients from water, food, and supplements into
daily intake is one of the most recommended strategies [7,8].

Over the last two decades, there has been a notable increase in acknowledging the potential of
regular water intake as a strategy to enhance the daily absorption of antioxidants. The increasing
popularity of ‘functional water,” enriched with health-beneficial additives, reflects the growing trend
of health-conscious consumer choices. Scientific research strongly supports the antioxidant effects of
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vitamin-infused, herbal, and electrolyte-enhanced waters, as their antioxidant activity is derived
from the inclusion of substances with well-established antioxidant properties [9,10].

However, the spotlight is increasingly turning towards emerging functional waters such as
alkaline electrolyzed water, acidic electrolyzed water, electrolyzed hydrogen, hydrogen-enriched
water, and tourmaline water. These waters are gaining attention not only for their potential health
benefits but also because their distinctive properties arise from artificial treatments, not from the
addition of substances with antioxidative properties [9,11-16] Despite the increasing production and
effectiveness of these newer options, the intricate mechanisms underlying their antioxidant and other
health effects continue to be the subject of ongoing and intensive scientific exploration [9,11-13,17].
Japan has emerged as a frontrunner in these initiatives; in 1993, the Japanese Society for Functional
Water (JSFW) was established and serves as a national academic center dedicated to acquiring,
accumulating, and disseminating accurate knowledge regarding functional water [18]. They were the
first to provide a definition of “functional water” as an aqueous solution that incorporates
reproducible useful functions through artificial treatment [18].

Extending the exploration into these functional waters, particular cases bring attention to their
unique physico-chemical features and reported health-enhancing properties. For instance, Alkaline
electrolyzed water (AIEW), also called electrolyzed-reduced water or electrochemically reduced
water (ERW) is produced near cathode through electrolysis and has higher, alkaline pH (9.0 - 10.0),
higher electrical conductivity (EC) and dissolved hydrogen (DH) values, while lower oxidation-
reduction potential (ORP) and dissolved oxygen (DO) values [9,19-22]. While ERW itself does not
display antioxidant activity [23], there are studies showing it may exhibit superoxide dismutase
activity (SOD) helping in ROS scavenging [24] and also enhancing the SOD activity of other
antioxidants when used as solvent [23]. ERW was shown to possess the ability to protect DNA, RNA
and proteins from oxidative stress damage [25], to protect neural cells and pancreatic cells from
oxidative damage [26,27] and regular intake was linked to improved gastrointestinal function, liver
function and multiple other health benefits [20-22]. Hydrogen-enriched ERW (HW), produced by
incorporating molecular hydrogen gas, was shown to delay skin aging [28]. Tourmaline water or also
called tourmaline-modified water (TMW) is a functional water with electrochemical properties
produced by water passing through stones made of tourmaline, a natural borosilicate mineral that
releases negative ions and generates an electric field on its surfaces [9]. TMW was also shown to
enhance antioxidant activity of well-known antioxidant, ascorbic acid [11,29].

The antioxidant effects attributed to the utilization of various functional waters can be
rationalized by the heightened ionic product of water as a solvent [30]. In simpler terms, this
phenomenon is linked to alterations in the molecular structure of water during the specific
production processes involved in creating functional water. Although commonly reported
parameters such as pH, ORP, DO, and DH do not elucidate the mechanism behind the intensified
antioxidant effects, they serve as valuable indicators for assessing the energy of electrolysis,
particularly when measured immediately after the electrolytic process [30]. Furthermore, these
physical and chemical parameters offer insights into the changes occurring in the molecular structure
of water as a solvent. On the other hand, there are also results pointing out to the effects of molecular
hydrogen (Hz) and the presence of platinum particles (when using platinum electrodes) in the
functional water as possible agents providing antioxidative effects. Molecular hydrogen (Hz) has
indeed demonstrated various protective effects against oxidative stress and other health benefits [31-
34]. It is thought that the ideal scavenger for active oxygen species is precisely “active hydrogen,”
which is produced in reduced water near the cathode during electrolysis. With high values of DH,
along with high pH, low DO, and an extremely negative ORP, it is believed that these characteristics
contribute to the stability and antioxidative properties of ERW functional water, protecting biological
macromolecules from oxidative damage [3]. Other proposed agents in this mechanism behind the
antioxidant and SOD activity are silver ions [11] or platinum particles [19] , and generally greater
difference in ionic mobility between cations and anions [30].

However, it was also found that the behavior of Hz in reduced water, which was activated by a
platinum electrode, differed from that of H: introduced by bubbling of hydrogen gas [23]. In a
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separate study, the SOD-like activity of ERW was demonstrated to remain stable at 4 °C for over a
month, and this stability was preserved even after neutralization, repeated freezing and melting,
deflation with sonication, vigorous mixing, boiling, repeated filtration, or closed autoclaving [21].
Conversely, another investigation indicated that ERW retained its ROS-scavenging activity after
removal of dissolved hydrogen, butlost its activity when autoclaved [19]. As a result, the mechanisms
underlying the reported health benefits and antioxidant effects of these functional waters are not yet
fully understood, and this remains a focal point of numerous ongoing research studies

The objective of this research is to employ aquaphotomics [35-37] and near-infrared
spectroscopy (NIRS) to investigate the molecular mechanisms behind the phenomena observed in
previous studies that electrolyzed hydrogen water (EHW, Electrolyzed Hydrogen Water) possesses
the property of deactivating oxygen radicals [19,24]. This study builds upon prior research, which
observed a 40% reduction in the activity of deactivating reactive oxygen species in cells when
hydrogen gas was removed by stirring, while autoclaving resulted in the complete elimination of
ability to neutralize ROS [19]. The preceding study [19], guided by the hypothesis that intracellular
reactive oxygen species (ROS) scavenging activity is attributed to Hz gas, employed degassing and
autoclaving steps to explore whether H: is the agent responsible for this activity. These steps,
involving the removal and purification of gases, were chosen as treatments to validate that Hz indeed
plays a pivotal role in ROS scavenging activity [26]. Since the study showed ERW retained its ROS-
scavenging activity after the removal of dissolved hydrogen but lost its activity when autoclaved,
indicating that ERW contains electrolysis-dependent hydrogen and an additional antioxidative factor
predicted to be platinum nanoparticles.

Near-infrared spectroscopy (NIRS) was employed in prior research to classify various waters in
the context of functional water exploration [11]. The research study used tap water, AIEW, and TMW
as electrolytes to generate silver-ionized water (SIW) and mixtures AIEW-SIW, and TMW-5IW,
respectively. The spectra of these aqueous solutions were acquired in the visible and near infrared
(NIR) region spanning 400 — 1100 nm [11]. Within this range, the NIR segment encompasses the 3rd
and 2nd overtones of water stretching vibrations [38], providing a valuable opportunity to observe
the molecular structure of water. Discriminant analysis of the NIR spectral data showed the
distribution of clusters of different samples in line with the referent results on their SOD activities,
indicating that NIR spectra reflect well the information on the SOD activity and its connection to the
molecular structure of these waters. However, a comprehensive explanation or understanding of the
relationship between the NIR spectra, water molecular structure and observed functionality was not
elucidated and warrants further investigation.

In this context, aquaphotomics, a scientific discipline dedicated to comprehending the
distinctive spectral patterns of water molecular structures in various aqueous and biological systems,
offers an excellent approach [35-37,39]. It has the potential to provide understanding and insights
into the molecular mechanisms underpinning the functionality of functional waters. Numerous
publications in this field provide the rationale for using aquaphotomics NIRS to connect the specifics
of water molecular structure and how it changes under different perturbations, thereby linking the
molecular structure with the exhibited functionality [37,40-46]. Moreover, numerous studies
highlight the intricate and active role played by the molecular structure of water in various aspects,
including antioxidant activity, radical scavenging, and the prevention of reactive oxygen species
(ROS) generation [47-52]. These studies point out to novel mechanisms underlying these
functionalities that are based on properties of water as an active molecular matrix, and especially
putting emphasis on the key roles of specific water molecular conformations such as solvation shells
and long-range layers of low-mobility, hydrogen-bonded water [47-52].

Therefore, the objective of the current research is to use aquaphotomics and NIRS to investigate
and understand why EHW water has the property of deactivating oxygen radicals, by utilizing the
information that the property of deactivating oxygen radicals is completely lost after the EHW is
autoclaved and partially lost (40% decreased) after the removal of hydrogen gas by stirring. By
utilization of multivariate analysis methods to explore the NIR spectra of these waters and applying
aquaphotomics approach to understand and connect the water spectral patterns (WASPs)[35,53] with
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the exhibited functionality, the study aims to understand the mechanisms underlying the observed
functionality and explain in it the terms of the specifics of water molecular conformations.

2. Materials and Methods

2.1. Water Samples

Having the research objective in mind, the experiment was designed using the water samples
generated by TRIM device: TRIM ION GRACE (Nihon Trim Co. Ltd., Osaka, Japan). The apparatus
has the similar structure as the previously reported apparatus [19], with the difference that this is the
first apparatus equipped with a solid polymer membrane, and is highly specific type electrolytic
hydrogen water conditioner. The brief description of the apparatus function is as follows. The
apparatus is comprised of two units — a micro-carbon cartridge and electrolysis unit. The cartridge
unit serves for initial filtration. Tap water from the city supply undergoes filtration through a
nonwoven fabric, activated carbon, and polyethylene and polypropylene membranes to eliminate
impurities (designated as FW — filtered water, in the following text). FW then enters the electrolysis
unit, where it undergoes electrolysis between platinum coated electrodes. The apparatus can produce
three types of water, already mentioned FW, electrolyzed hydrogen water (EHW, with 4 different
levels of pH), and acidic water (2 different pH levels).

The functional water investigated in this study corresponds to the hydrogen model level 3 of
EHW (designated as EHW3 in the paper), with nominal values of pH between 8.5 and 9.9; it is
recommended to be used for drinking as a functional water. This water is equivalent to the water
examined in the previous study, which reported functionality of ROS-scavenging activity, 40% of loss
this activity after removal of dissolved hydrogen and complete loss of the activity after autoclaving
[19].

In addition to EHW3 water, repeating the preparation steps from previous research [19], two
more types of water samples were produced using EHW3, but following degassing (removal of Hz,
designated as EHW3-H2) and following autoclaving (EHW3+Autoclave). The removal of hydrogen
gas was performed by filling a half of the sample container with an EHW3 water, shaking it
vigorously and then opening of the lid. This procedure was repeated twice. Also, following the steps
of the previous research, other types of water samples were prepared to simulate the EHW3
characteristics and better elucidate the nature of the antioxidant factors. First, one type was produced
by adding HCl to EHW3 (Imol/L hydrochloric acid, FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan). The purpose of this sample was to adjust the pH value of EHW3 to be the same as FW.
Second, a sample of FW with added NaOH (1 mol/L sodium hydroxide solution, FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) was prepared to simulate a sample of FW with same pH
value as an EHW3. The purpose of these two sample types was to explore if the pH is contributing
to the observed effects.

Lastly, ultrapure water generated by Milli-Q system (Millipore, Molsheim, France) was used in
the experiment, as a standard for pure water to which all other waters will be compared.

There were in total 6 types of samples, as represented in Table 1, each sample prepared in two
independent replicates. Experiment was repeated 3 times, each time samples were freshly prepared.

The dissolved hydrogen (DH) of the samples were measured immediately after the samples
were prepared. DH was measured using DH- meter (DH-35A, DKK-TOA Corp., Tokyo, Japan).

Table 1. Experimental samples and related properties.

No Sample Label Preparation / Treatment Reported functionality
1 Control MQ — ultrapure water -
. . Activity deactivating
Fl h H
2 EHW3 owing tap water with Hydrogen reactive oxygen in cells

mode level3 [19]

doi:10.20944/preprints202402.1692.v1
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40% decrease of activity
deactivating reactive
oxygen in cells [19]

Removing H2 gas by stirring EHW3

EHW3-H
3 W3-H:z and opening the lid twice

Disappearance of activity
deactivating reactive
oxygen in cells.

40% decrease of activity of
deactivating Oz radical in
vitro. [19]

4 EHW3+Autoclave Autoclaving EHW3

Adding HCI to EHW3 to make pH
the same as FW

Adding NaOH to FW to make pH
the same as EHW3

5 EHW3+HCl

6 FW+NaOH

2.2. Near Infrared Spectral Measurements

All the experimental samples were scanned using near infrared spectrometer XDS-RLA rapid
liquid analyzer with VISION software (FOSS NIR Systems, Inc. Laurel, MD, USA). The absorbance
spectra were acquired in the 400 — 2500 nm range, with 0.5 nm resolution. The quartz cuvette with 1
mm pathlength was used as a container. Each acquired spectrum was an average of 32 co-added
scans. Each sample measurement was performed with 5 consecutive irradiations. The measurements
of different sample types and sample replicates were performed in random order. The measurements
were performed at controlled temperature, using an external water bath set to the temperature of
25°C connected with the cell holder. The temperature at the sample holder was monitored using
thermocouple data logger USB-5104 (Measurement Computing, Norton, MA, USA). During the
entire experiment the temperature, humidity and the pressure of the experimental room were
monitored and logged using thermo-recorder RS-12P (ESPEC MIC Corporation, Osaka, Japan).

2.3. Data Analysis

Data analysis was performed following the standard protocol for aquaphotomics analysis [53]
and included raw spectral inspection, spectral preprocessing using standard normal variate
transformation (SNV)[54] and calculation of difference spectra, supervised classification analysis Soft
Modeling of Class Analogies (SIMCA) [55], and Partial Least Squares Regression Analysis (PLSR)[56]
for modelling dissolved hydrogen (DH).

Outputs from all the analyses were summarized to identify the wavelengths where the highest
variations of light absorbance have been observed in response to the respective perturbations, i.e.
Water Matrix Coordinates - WAMACs. Each water sample has been represented then by its water
spectral pattern - WASPs on aquagrams [35,53], whose radial axes were defined by the identified
WAMAUC s in order to interpret the molecular structure of each water in relation to the functionality
as described in Table 1. The aquagrams were computed using the classical aquagram procedure [53],
with a modification introduced in the final step. In this step, the calculated absorbance values were
divided by the range of absorbance values in the resulting dataset, incorporating a scaling factor. This
adjustment was implemented to effectively scale the data and ensure that it fills the plot window [57].

For this research, the SIMCA and PLSR analyses were executed using the Pirouette® version 4.5
(Infometrix Inc. Woodinville, WA, USA), difference spectra and aquagrams were calculated using
Microsoft Excel 2019 (Microsoft, Redmond, WA, USA). Additionally, the graphs and peak picking
were performed using Origin Pro 2018 (OriginLab Corporation, MA, USA).

doi:10.20944/preprints202402.1692.v1
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3. Results

3.1. Inspection of the Raw Spectra

The raw NIR spectra were first trimmed to the region 1100 to 1850 nm to explore the two
important broad, water absorbance bands located around 1190 nm (attributed to combination of the
first overtone of the OH stretching and OH bending vibrations (2vis + v2)) and around 1450 nm
(attributed to the first overtone of the OH stretching vibrations (2v13)) [37]. The raw absorbance
spectra within the NIR region exhibit a visual overlap, creating the impression of a unified spectrum
(Figure 1). The most distinctive features are a prominent water absorbance peak around 1450 nm and
much less pronounced, broad spectral feature around 1200 nm. Upon closer examination of this
region, as depicted in the zoomed-in areas of Figure 1, it becomes apparent that different water types
manifest different spectral profiles. Variations in baseline offsets are evident, with the sample type
influencing the observed distinctions. In particular, the sample EHW3 (cyan lines, as illustrated in
the insets of Figure 1) exhibits the highest baseline among the samples.

The vertical shifts observed in the baseline of NIR spectra, characterized by multiplicative
effects, are attributed to light scattering, a phenomenon resulting in elevated absorbance values [58].
However, this effect is physical in nature and suggests the presence of scattering elements, for
example particles or bubbles i.e. structures that scatter light. It is not possible at this stage of the
analysis to precisely identify what are those light-scattering structures, but based on the observed
highest baseline of EHW3 spectral profiles, it can be assumed that there are some structures that
scatter light, size of which is close to the wavelength of NIR light in this spectral region.

1.4 - A !
J | zoom in
1.2
S 10 -
S J
8 0.8 -
[
5 l
§ 0.6 4
2 ] —— Control
0.4 EHWS3
1 EHW3-H2
024 N — EHW3+Autoclave
1 . ——— EHW3+HCI
Ll —— FW+NaOH
L T L T : T L T :
1000 1200 1400 1600 1800

Wavelength (nm)

Figure 1. Raw NIR spectra of all water types — the highest absorbance (highest baseline) was observed
in the sample EHW3.

The recognition of baseline effects and subtle variations in the NIR spectra of different samples
emphasizes the need to employ pre-processing techniques and multivariate analysis. These
approaches are crucial for extracting meaningful insights into the chemical distinctions among
various water types.

3.2. Difference Spectra

The difference spectra were calculated after averaging all the acquired spectral replicates and
consecutives for each water sample and normalization to the range [0, 1]. The normalization was
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performed to enhance and emphasize even the subtle spectral differences. The subtraction was
performed in two ways, first the average spectrum of the Control water (ultrapure water) was
subtracted (Figure 2), and second, an average spectrum of EHW3 was subtracted from the average
spectra of all other water types (Figure 3). In the first case it is possible to compare how each water is
different compared to the pure water, while in the second case, how each treatment (autoclaving,
degassing) is affecting the EHW3 water.

The difference spectra depicted in Figure 2 reveal variations in baseline offset, suggesting the
presence of distinct scattering structures in the water samples compared to the Control water.
Notably, the spectral profiles of EHW3 water and EHW3+Autoclave water are positioned on the
positive side of the Y-axis, indicating that, on average, their baselines are higher than that of pure
water. Additionally, the baselines of EHW3 water and EHW3+Autoclaving exhibit remarkable
similarity. This observation implies that autoclaving may not exert a significant influence on the
scattering elements present in EHW3 water.
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Figure 2. The spectra of different water types compared to that of pure water (Control water, zero
line). Difference spectra were computed by subtracting the average spectrum of Control water from
the average spectra of all other water types. To enhance visual clarity, the difference spectra were then
normalized to a 0-1 range using the formula: Difference Spectra = Normalize (0,1) [Water Type(avg) -
Control(avg)].

The difference spectra presented in Figure 2 also provide some insights into the distinctive
characteristics of each water type compared to pure water in terms of water molecular species.
Prominent peaks are discernible at around 1405 and 1412 nm, as well as at 1463, 1486, and 1490 nm.
These peaks are attributed to the absorbance of free water molecules (1405 nm, 1412 nm) and
hydrogen-bonded water (1463 nm, 1486 nm, 1490 nm), respectively [35]. The shape of the spectral
profiles in the difference spectra strongly resembles the “temperature effect,” characterized by peaks
at 1412 nm and 1490 nm, indicating that a substantial portion of the differences stems from
temperature-related factors [59]. Interestingly, only the EHW3+Autoclave water exhibits a spectral
pattern that appears reversed, with an upward peak at 1405 nm, and downward peak around 1486
nm.

The difference spectra illustrated in Figure 3 provide a comprehensive comparison of all water
samples to EHW3 (zero line). As expected, all difference spectra register below zero (negative),
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affirming that the spectral baseline for EHW3 was higher. This suggests that EHW3 water scatters
light to a greater extent compared to the other water samples, indicative of the presence of scattering
structures such as water nanoscale molecular conformations, particles, gas bubbles, or nanobubbles.
The most significant differences in terms of water molecular structures among the waters manifest at
absorbance bands corresponding to free water molecules (1414 nm), hydration water (1428 nm),
water solvation shells (1369 nm, 1386 nm), and hydrogen-bonded water with different numbers of
hydrogen bonds (1465 nm, 1492 nm) [35].
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Figure 3. The spectra of different water types compared to that of EHW3 water (zero line). Difference
spectra were computed by subtracting the average spectrum of EHW3 water from the average spectra
of all other water types. To enhance visual clarity, the difference spectra were then normalized to a 0-
1 range using the formula: Difference Spectra = Normalize (0,1) [Water Type(avg) - EHW3(avg)].

3.3. Soft Modeling of Class Analogies (SIMCA) — Discriminating Analysis

The objective of SIMCA analysis was to investigate if the raw spectra of different waters can be
classified according to the type of the water. The results of SIMCA analysis (Figure 4) showed that
the spectra (represented by dots in Figure 4) are all grouped in distinctive clusters according to the
type of the water sample and accuracy of discrimination was almost 80 %. The interclass distance
between the water clusters was large in all cases, except between EHW3 water and autoclaved EHW3
water, as well as between EHW3 water and EHW3 water with added HCI (Table 2). According to
previous reports the interclass distance of less than 0.8 indicates a small difference between two
groups while the distance of more than 3 supports a reliable separation [60,61].
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Figure 4. SIMCA classification analysis. 3D view of class projections show well-defined clusters of
scores for each of the water types. The accuracy of classification was 79.14%.

Table 2. Interclass (Mahalanobis) distance between the clusters of the water samples.

EHW3 | EHW3- | EHW3+Autoclave | EHW3+HCI | Control | FW+NaOH
H:

EHW3 0.00 13.38 0.66 0.51 5.62 10.69
EHW3-H: 0.00 3.65 6.48 1.37 0.77
EHW3+Autoclave 0.00 0.42 2.12 291
EHW3+HCI 0.00 2.68 5.05
Control 0.00 1.37
NaOH 0.00

Discriminating power of SIMCA analysis shows which absorbance bands in the spectra have
highest power to discriminate between the investigated water samples (Figure 5). The band with the
highest discriminative power was 1722 nm. This band is located close to the absorbance bands of
hydrated proton H3O* (hydronium ion) which absorb at 1724.0-1724.1 nm [62,63], or hydrated
hydroxide ion clusters (such as OH-(H20)4) which absorb at 1724.15 nm [64]. This might indicate that
the band can be assigned to the water molecules located in solvation shells around ions. Alternatively,
the band can also be assigned to the CH stretching vibration of CH- [65,66].

The other region with high discriminating power is located around 1344 nm. In the vicinity of
this band there are many absorbance bands that can be attributed to free OH stretch of water
molecules in proton hydrates [67-74] or protonated clathrate cages enclosing neutral water molecules
[75]. Another band located close is 1368 nm, already observed in the difference spectra, that can be
assigned to solvation shells of ions. There are other bands already observed in the difference spectra,
that appear to add to discriminating power, such as 1423 nm, 1459 nm, 1487 and 1492 nm that can be
assigned to hydration water, physi-adsorbed water and water molecules with 4 hydrogen bonds
respectively [35,37,46].
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Figure 5. Discriminating power of SIMCA analysis shows which absrobance bands in the spectra have
highest power to discriminate between the investigated water samples.

The first two bands are very close to the bands 1428 nm and 1455 nm, which are together found
to indicate free and weakly H-bonded OH groups related to hydration of amorphous structures of
CH containing compounds identified by the absorption band at 1722 nm [76]. The presence of all
three bands in discriminating power indicates possibility of presence of hydrated CH containing
structures. Additionally, the bands 1482 nm and 1772 nm, that can also be seen featured in
discriminating power were found in another work related to presence of granules [77]. Granules in
the case of examined water samples might be granulated nanoparticles and/or biochar granules. Both
types can be produced during production of EH water — nanoparticles from electrodes, while biochar
can be generated due to activated carbon filter use [78,79].

The band located at 1614 nm may be assigned to OH stretching vibration of first hydration layer
of hydration water [80-82]. The band 1625 nm is close in location to bands that can be attributed to
OH stretching vibration of interlayer water molecules bound to ions (1629 nm)[83] and OH stretching
of hydration water (1628 nm)[84]. However, there are also reports that attribute bands in this area to
aromatic C-H bands (around 1630, 1633 nm) [85-87]. The band at 1637 may be attributed to vibrations
of the bridging bonds between carbonate ions and water in the interlayer region (1639 nm)[88] but
also to CH symmetric stretch in aromatic compounds (1639 nm)[89,90]. Many bands in the region
1650 to 1700 nm can be attributed to vibration of water molecules in proton hydrates [68-70,91], as
well as to CH stretching in aromatic [92-94].

Determining exact band assignments within the range of 1600 to 1800 nm poses a challenge due
to the overlapping absorption of both OH and CH groups. Nevertheless, given that the samples
under investigation are primarily composed of water, it is more probable that the observed spectral
features stem rather from water or its interaction with other compounds, rather than trace amounts
of compounds containing CH groups.
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3.4. Partial Least Squares Regression (PLSR) Analysis

PLSR analysis was performed with the objective of development of regression model for
prediction of values of dissolved hydrogen using NIR spectra of examined waters.

The spectra were trimmed to the 1300 — 1850 nm region and used for model development
without any preprocessing, and with preprocessing (standard normal variate — SNV transformation
[54]) to remove baseline effects.

The model built using raw spectra (without any preprocessing) was successfully developed
using 7 latent variables, and resulted in high coefficient of determination R?=0.807 and standard error
of cross-validation SECV=224.933 ppb (Figure 6).

1600 -
1400 ~

1200 —
1000 i
800 —
600 —
400 —

Predicted DH (ppb)

200 ~
0

2007 = R2=0.807
400 - SECV = 224.933 ppb
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0 200 400 600 800 1000 1200
Measured DH (ppb)

Figure 6. Results of PLSR analysis for modeling dissolved hydrogen — the regression analysis showed
excellent possibility of prediction of dissolved hydrogen in water using NIR spectra.

Similar to discriminating power of SIMCA analysis, regression vector of PLSR analysis can offer
insights into which absorbance bands were most important for modeling the dissolved hydrogen
values. The regression vector provided in Figure 7, shows that the absorbance bands with highest
regression coefficients are located at 1453 nm (physi-adsorbed water), followed by the absorbance
bands 1441, 1465, 1472, 1487 and 1494 nm hydrogen bonded water with 1, 2, 3 and 4 hydrogen bonds
respectively) [35,46].

The absorbance bands with also high regression coefficients in regression vector are also
identified at 1403, 1421, 1426 and 1431 nm. These bands also appeared during previous analysis and
can similarly be attributed to free water molecules and hydration water [35].
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Figure 7. Results of PLSR analysis for modeling dissolved hydrogen — the regression coefficient vector
provides information about which variables (wavelengths) contributed with highest regression
coefficient to modeling.

The interesting finding of this analysis was that model could not be built when SNV
preprocessing was applied, suggesting that removal of baseline effects resulted in loss of information
related to presence of dissolved hydrogen. This means that presence of dissolved hydrogen at least
partially, contributes to the observed light scattering and baseline offset.

3.5. Aquagrams

During previous analysis all the absorbance bands of water that repeatedly appeared in the
difference spectra, SIMCA discriminating power and regression vector of PLSR analysis have been
systematized and chosen as WAMACs — Water Matrix Coordinates to represent the spectral pattern
of each of the examined water on aquagram.

The aquagrams are calculated following the procedure for classic aquagram calculation [53],
followed by normalization (divided by range) and represented in Figure 8 to understand how is the
water molecular structure different between the investigated samples. The aquagram presented in
Figure 9, is calculated in the same way, but the average of EHW3 water was subtracted to highlight
the changes induced by removal of H> and by autoclaving. This way of representation and
comparison to EHW3 water shows how each treatment affects the molecular structure of water
EHWS3.

From the aquagram at Figure 8 it is evident that the spectral pattern of EHW3 water is very
different compared to all the other samples, being characterized by the extremely low absorbance of
free water molecules and high absorbance of water molecules arranged in the solvation shells around
present charged solutes or ions (region 1345 — 1385 nm) [35,37,46]. The high absorbance at band 1447
nm can be related to the physi-adsorbed water, another type of water involved with hydration of the
present structures (but not necessarily charged)[46]. Alternately, it can also be assigned to secondary,
more bulk-like hydration layer [95], OH-metal vibration [96,97], dangling water molecules [98] or
more or less ordered water at some interface [99]. The band at 1452 nm can similarly be assigned to
physi-adsorbed water [46,100], or bulk water [101]. The band at 1438 nm can be assigned to so called
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“intermediate water”[102], and can be understood as an intermediate phase of water between liquid
and solid, gel-like. There are also possible assignments linking this band to water interacting with
metal [103,104].

1330 nm
1514nm 3 1345nm
1505nm 2 1369nm
1498nm 1375nm
1492nm 1385nm
1486nm 1402nm
1475nm 1414nm
1464nm 1428nm
1452nm 1438nm
1447nm
= HW3+Autoclave e Control
EHW3 e FHW3+HCl
EHW3-H2 e FW+NaOH

Figure 8. Aquagrams of examined samples, showing normalized absorbance (divided by absorbance
range).

1330 nm
1514nm_ 6 1345nm
1505nm 4 1369nm
1498nm 1375nm
1492nm 1385nm
1486nm 1402nm
1475nm 1414nm
1464nm 1428nm
1452nm 1438nm
1447nm
e FEHW3+Autoclave EHW3
e EHW3+HCl EHW3-H2
e F'W+NaOH

Figure 9. Aquagrams of examined samples, showing normalized absorbance (divided by absorbance
range) and EHW3 water subtracted.

From this, it can be understood that the treatment that produces EHW3 results in the
arrangement of water molecules to participate in hydration of present solutes — ions, aggregates,
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bubbles of gas, charged particles, metal particles, resulting in drastically reduced amount of free
water molecules.

When the waters are compared to EHW3 water, as presented in the Figure 9, it becomes very
clear that both autoclaving and removal of Hz gas by stirring increases the amount of free water and
decreases solvation water, adsorbed water and intermediate water. Both FW+NaOH and EHW3+HCl
show the same feature, in addition to high absorbance of water molecules which are hydrogen
bonded (1464 nm — 1514 nm). From these results it can be concluded that the waters differ very much
in ratios of bound/free water and adsorbed/solvation water. It is interesting to note that Takeuchi et
al. found that the large ratio of bound to free water is related to the property of surface tension [105].
There are also reports explaining the effects of electrolysis and the consequent properties of
electrolyzed alkaline water in the terms of decreased surface tension [106,107]. But the important
insight here is that behind these changed properties is the alteration of water molecular network and
ratio of bound to free water.

If the autoclaved EHW3 water and EHW3 water from which H:is removed partially by stirring
and opening the lid of the bottle, are now examined in more detail (Figure 10) it can be observed that
autoclaving in fact decreases all water structures, it acts as a breaker of hydrogen bonds and other
interactions, drastically increasing the number of free water molecules. Removal of Hz by stirring on
the other hand produces around 50% increase in the number of free water molecules compared to

autoclaving.
1330 nm
1514nm 5 1345nm
4
1505nm 3 1369nm
2
1498nm 1 1375nm
Qe
1492nm 1385nm
1486nm 1402nm
1475nm 1414nm
1464nm 1428nm
1452nm 1438nm
1447nm
e HW3+Autoclave EHW3 EHW3-H2

Figure 10. Aquagrams of autoclaved EHW3 and EHWS3 stirred to remove Hz, showing normalized
absorbance (divided by absorbance range) and EHW3 water subtracted.

If these findings are related to the experimental findings that autoclaving leads to 100% loss of
EHWS3 anti-radical activity, while H2 removal by stirring leads to 40% loss it can be concluded that
increase in free water is what leads to loss of this function. Further, the loss of function is most
probably related to the disturbed ratios of free/bound water and loss of solvation and adsorbed water
on the structures in EHW3 water.

This indicates that water shells, or also it can be called water layers are the functional part of the
EHW3 water that has a property to neutralize oxygen radicals.
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4. Discussion

The research presented in this paper aimed to delve into the molecular mechanisms underlying
the observed phenomena of electrolyzed hydrogen water (EHW) deactivating oxygen radicals, and
the partial loss of this ability upon removal of hydrogen gas, and complete loss following the
autoclaving. The existing literature sources pointed out to several possible mechanisms behind the
functionality of similar electrolyzed hydrogen waters such as altered ionic product, presence of
molecular hydrogen, and platinum or silver nanoparticles or ions originating from electrodes using
during electrolysis, as well as generally greater difference in ionic mobility between cations and
anions in the water as a solvent [11,19,30]. The common for all these proposed mechanisms is that
they lead to changed properties of the produced water particularly water as a solvent. The reports
about changed physical and chemical properties such as pH, electroconductivity, ORP and dissolved
hydrogen testify to that. However, these water properties ultimately stem from the organization of
water molecules within the water molecular network. Therefore, exploring the molecular structure
of water became a crucial research direction.

In light of this, we employed Near-Infrared Spectroscopy (NIRS) and aquaphotomics to provide
novel insights into the mechanisms related to functionality of electrolyzed hydrogen water.

The NIRS aquaphotomics analysis focused on a specific functional water, EHW3. Several
analyses, including difference spectra, Soft Independent Modeling of Class Analogy (SIMCA), and
aquagrams, revealed discernible differences among EHW3 water, autoclaved EHW3 water, and
waters created by adding HCl and NaOH to EHW3 and FW (tap water), respectively.

The difference spectra highlighted that EHW3 water is distinct from the others due to the
presence of light-scattering elements. These elements remained unaffected by autoclaving but were
influenced and reduced upon the removal of hydrogen gas. Introducing HCl to EHW3 water or
NaOH to FW also resulted in the creation of some scattering structures, albeit to a lesser extent than
in EHW3. SIMCA analysis suggested that the differences in waters may arise from distinct water
molecular conformations, particularly those associated with solvation. It also indicated the possible
existence of hydrated CH-compounds, granulated nanoparticles, and/or biochar granules, which
could be produced during the electrolyzed water production process. Since SIMCA was based on
raw spectra, it was concluded that these structures contribute to the observed light-scattering effects
in the difference spectra. Furthermore, Partial Least Squares Regression (PLSR) analysis, in addition
to establishing a robust linear model for determining H2 based on its effects on the water molecular
network, confirmed that the scattering of light is, indeed, partially a result of the presence of
molecular hydrogen.

However, the most profound insights into the organization of water molecules in the
investigated samples emerged through aquagrams. The aquagrams clearly revealed that the primary
water molecular structures characterizing EHW3 water are water hydration shells and this also
indicates that these structures are the elements that lead to observed light-scattering effects.
Aquagrams also showed significant disparities in water composition between EHW3 water and
autoclaved or degassed EHW3 water samples, underscoring the impact on bound/free water ratios
and adsorbed/solvation water. Upon close examination of autoclaved and degassed EHW3 water, it
became evident that autoclaving resulted in a profound disruption of hydrogen bonds and the
complete destruction of all other interactions between water molecules and dissolved structures. This
led to a drastic increase in free water molecules. Degassing produced similar results, although to a
lesser extent compared to autoclaving.

These findings underscore the critical role of water solvation shells in EHW, serving as a pivotal
factor in the neutralization of reactive oxygen species (ROS). Nevertheless, the specific ions, granules,
or nanoparticles undergoing hydration within these solvation shells remain unidentified.

While the suggestion of water solvation shells playing a key role in ROS neutralization
functionality may be a novel concept within the realm of functional water, it aligns with a previously
proposed anti-radical action model, introduced several years ago by Andrievsky et al. to explain the
mechanism of ROS neutralization by hydrated fullerene in very small concentrations [50] (Figurel1).
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Hydrated free
radicals

Water hydration shells

Figure 11. Proposed model of hydrated structures in EHW3 surrounded by long-range water
hydration shells and proposed scheme of free radicals absorption, concentration and recombination
governed by specifics of water molecular organization [50].

In alignment with the proposed model, our research shows that solvation shells play a pivotal
role in the mechanism behind the antioxidant activity of EHW3. These solvation shells are likely
formed due to the presence of diverse structures such as ions, hydrogen gas bubbles or nanobubbles,
platinum nanoparticles, and granules generated during the electrolysis process. Following
Andrievsky’s proposed model, it can be assumed that these water shells have a critical function in
concentrating hydrated free radicals within regions characterized by water structures
complementary to their own. This heightened concentration enhances the likelihood of encounters
and subsequent recombination, leading to the formation of stable, non-radical molecules.
Furthermore, the restricted diffusion of newly generated reactive oxygen species (ROS) within these
ordered, low-mobility water layers expedites their recombination into molecular products, thus
reducing their lifespan.

In contrast to conventional antioxidants, the distinctive antiradical activity of EHW3 water is
rooted in the unique organization of its water molecular network, allowing it to catalyze the
accumulation and deactivation of free radicals. Various investigations into different antioxidants
consistently underscored the significance of solvation shells, distinct from bulk water, which
contributes to increased stability and decreased mobility of water molecules, influencing their
antioxidant activity. This discovery was shown to be consistent across diverse antioxidants,
emphasizing the pivotal role played by the presence of a solvation shell in determining their
functionality [47,48,50-52,108,109].

While this study introduces a novel and promising perspective on the functional attributes
originating directly from water, it is not without limitations, necessitating further research. Future
investigations should aim to validate the presented results and explore additional avenues. This
includes examining the correlation between water molecular structure and surface tension,
oxidoreduction potential (ORP), and the molecular structure of electrochemically reduced water
generated by the TRIM device through various electrolysis modes. Another intriguing area for
exploration involves investigating whether tap water sourced from different locations, used in the
preparation of electrochemically reduced water, influences the final water molecular structure and
its functional properties.

In conclusion, unraveling the intricate interplay between water molecular structure and
functional properties opens up new avenues for research, addressing existing limitations and paving
the way for a deeper understanding of the potential applications of functional waters, and especially
electrolyzed hydrogen water.
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