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Preface 
 

It has been sixteen years since the announcement of this delightful journey in 2005. At that time, 

Aquaphotomics was proposed as a new discipline guided by the vision to explore the biological world and the 

aqueous systems using light-water interaction. In the past, the water was seen as a passive element, an inert 

molecule, hindering the useful spectral signals. A radical new approach in spectroscopy – to use the water-

light interaction opened a new door for the world of science. The role of water as an active factor, one which 

builds miscellaneous structures leading to various functionalities has been recognized and it is slowly 

becoming a new interdisciplinary scientific platform connecting sciences and technology.  

The mission of Aquaphotomics, our mission, is to understand the role of water, the simple but 

sophisticated molecule that connects everything with its rhythm and ability for self-organization. All 

spectroscopy techniques are crucially important for Aquaphotomics, whether they cover visible light, Infrared 

(IR), Near-Infrared (NIR), ultra-violet (UV), Raman, or Terahertz frequencies. The water spectra of the 

systems under various perturbations make a large ocean of data. Thanks to the advancement of computer 

science, data analysis, and new measurement technologies, in recent years, the spectral studies of water are 

expanding in a wide variety of disciplines. Now is the perfect moment. 

In October 2014, the 1st Aquaphotomics International Symposium was organized as a part of the Kobe 

University Symposium held at its European Office in Brussels, Belgium. Researchers from 11 countries came 

to exchange knowledge in various fields, including biology, nanotechnology, spectroscopy, and food science. 

Since then, Aquaphotomics-related joint research projects and endeavors resulted in many successful 

collaborations and co-authored publications. 

In 2021, after 7 short years, 2 more international symposia, several regional chapters in Japan, Europe 

and China we are now reaching a new page. It is time for the 4th Aquaphotomics International Conference. 

This Conference and the Proceeding is the joint co-creation of all contributors to this memorable event. As a 

Chairperson of the Organizing committee, it is an honor and a privilege to be a witness of this incredible 

development, something I never could have imagined, when an initial thought of aquaphotomics occurred to 

me.  

I would like to express my sincere appreciation to all the authors in this Proceeding, for the contributions 

to this Conference and the Aquaphotomics society and to all the people who made this possible.  

This Conference could not have happened without the support from all of our sponsors. My most sincere 

appreciation and heartfelt gratitude goes to all of you for your dedication and continuous, kind support to the 

development of aquaphotomics, stimulation of scientific discussions and our expansion.  

Expectantly, the 4th Aquaphotomics International Conference will greatly contribute to all of us, to 

science and technological developments and ultimately to our well-being and quality of life. We hope that, 

during this unprecedented pandemic time, learning about water will make connections and motivate many 

people to know more about life and the surrounding world, a paradigm shift that will change our attitude 

towards nature. 

 

 

Roumiana Tsenkova, Chairperson 

The 4th International Aquaphotomics Conference 

20-22 March, Kobe, Japan 
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A closer look at preprocessing with focus on aquaphotomics  

Federico Marini 1,* 

1 Department of Chemistry, University of Rome La Sapienza, P.le Aldo Moro 5, I-00185 Rome, Italy; 

* Presenting author and Correspondence: Federico.marini@uniroma1.it   

 

The workshop will illustrate the main chemometric strategies for data preprocessing with particular focus on 

predictive model building in the context of aquaphotomics. First of all, the rationale for data preprocessing will 

be presented and the main family of techniques will be discussed. In detail, methods for smoothing, scatter 

correction, spectral differentiation, normalization and baselining/detrending will be presented. Moreover, some 

recently proposed approaches, such as Variable Sorting for Normalization, which allow a preliminary weighting 

of the variables will also be introduced. Lastly, strategies for boosting model performances based on the fusion 

of different preprocessing approaches will also be presented.        

 

Keywords: Pre-processing, derivation, scatter correction, data fusion  

 

Introduction 

Spectroscopic data (or, more in general, experimental data) may be affected by several sources of variability, 

not all of interest for the specific task the data are collected for. On the other hand, when chemometric tools are 

applied to the data, very often model building is based on extracting components accounting for a relevant share 

of the variance in the predictor space, so that all the sources of data variability (wanted or unwanted) will be 

included in the model: accordingly, if spurious/unwanted variance is still present in the data, it can have a 

detrimental effect on the resulting model. To, at least partially, reduce or eliminate the effect of such unwanted 

variability, chemometric model building usually includes one or more pre-processing steps [1]. However, the 

choice of the best pretreatment or combination of pretreatments to be applied to the data is not always obvious 

and, in general, a trial and error procedure is followed. Aim of the present workshop will be to illustrate the 

main chemometric strategies for data preprocessing, by presenting their theoretical background and discussing 

the impact of varying their metaparameters, if any. All the techniques will be illustrated by means of worked 

examples in Matlab and functions will be made available to the participants upon request. 

Content of the workshop  

As anticipated, data may be affected by many different sources of spurious variation and the aim of data pre-

processing is to remove as much as possible the impact of such sources on the spectroscopic signal. Since the 

attention will be mainly focused on NIR data, the techniques which will be illustrated in greater detail are the 

ones which are most frequently used when dealing with such profiles. A relevant role in this context is played 

by scatter correction techniques, such as the standard normal variate transform (SNV) [2] and multiplicative 

scatter correction (MSC) [3], together with its extended version (EMSC) [4], which has proved to be particularly 

effective in aquaphotomics studies. Together with this “well-established” approaches, a recently proposed 

algorithm, named Variable sorting for normalization (VSN) [5], which allows to weight the predictors in a 

hypothesis-free way prior to the calculation of the correction parameters will also be discussed.  

 

Lastly, some recent trends in the pre-processing of spectroscopic data based on the use of data fusion approaches 

will also be presented. Indeed, one of the main problems when dealing with data pre-processing is to select 

what the best individual technique or combination of techniques could be and, in the latter case, to define the 

order according to which the different techniques should be applied. Recently, the possibility of exploiting the 

advantages of multi-block data analysis to overcome the problems related to the limitations illustrated above 

was presented in the literature. In particular, it was noted how, by applying different pre-processings to the same 

data, the resulting matrices constitute a multi-block set, which can be processed by specifically designed data 

fusion approaches. In this framework, the possibility of using sequential and orthogonal approaches for multi-
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block modeling may represent an advantage, as they allow to evaluate the relevance of the individual pre-

processings, the possible redundancies and the incremental contribution to the model. Accordingly, the 

combination of sequential and orthogonalized partial least squares modeling (SO-PLS) with the use of multiple 

pre-processing techniques to build a multi-block set is exploited by the recently proposed strategy called SPORT 

(Sequential Preprocessing through ORThogonalization) [6]. The theory and the practical use of this technique 

will also be illustrated during the workshop.  

References 

1. Roger J-M, Boulet J-C, Zeaiter M, Rutledge DN (2020) Preprocessing methods. In: Brown, SD, Tauler R, Walczak B (eds) 

Comprehensive chemometrics 2nd ed. Elsevier, Oxford, UK, vol.3 pp. 1-73. 

2. Barnes RJ, Dhanoa MS, Lister SJ (1989) Standard Normal Variate Transformation and De-Trending of Near-Infrared Diffuse 

Reflectance Spectra. Appl Spectrosc 43:772-777. 

3. Geladi P, McDougall D, Martens H (1985) Linearization and scatter-correction for near-infrared reflectance spectra of meat. Appl 

Spectrosc 39:491-500. 

4. Martens H, Stark E (1991) Extended multiplicative signal correction and spectral interference subtraction: New preprocessing 

methods for near infrared spectroscopy. J Pharm Biomed Anal 9:625–635.  

5. Rabatel G, Marini F, Walczak B, Roger J-M (2020) Variable sorting for normalization. J Chemometr 34:e3164. 

6. Roger J-M, Biancolillo A, Marini F (2020) Sequential preprocessing through ORThogonalization (SPORT) and its application to 

near infrared spectroscopy. Chemometr Intell Lab Syst 199:103975. 
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Aquaphotomics tutorial – from experiment to interpretation  

Jelena Muncan1* 

1 Biomeasurement Technology Laboratory, Graduate School of Agricultural Science, Kobe University, Rokkodai-cho 

1-1, Nada-ku, Kobe, 657-8501, Hyogo, Japan  

* Presenting author and Correspondence: jmuncan@people.kobe-u.ac.jp; jln.muncan@gmail.com    

 

Keywords: aquaphotomics, spectroscopy, experimental design, preprocessing, analysis  

 

“If you want to find the secrets of the universe, think in terms of energy, frequency and vibration.” 

Nikola Tesla  

Introduction  

There are many articles, webpages, and book chapters written about what aquaphotomics is, what exciting new 

discovery it made, for what purposes it can be used and how it can be applied. It sounds exciting and as if it can 

really bring better understanding! Until…you acquire spectra, you look at them. And you see nothing!  

You go over material and methods of the scientific papers, if you are lucky enough you understand the half of 

the new preprocessing and data analysis methods, you repeat the experiment, try this and that analysis. You 

create nice aquagrams. And yet the spectra stubbornly refuse to cooperate. You feel stuck trying to understand 

what BIG words like WAMACS, WASP or WABS mean. And I do not even want to mention the words which 

are so commonly used, like moisture content, water content, bulk water, bound water which despite their 

simplicity remain elusive. 

 

I know that in the beginning of my aquaphotomics experience the water did not look like mirror to me, and the 

spectra looked like a bunch of similar looking lines. Many of us have been there. I have spent almost 2 years at 

“that place”, where aquaphotomics seemed like a closed world I did not have access to. This workshop will 

show you how to find your way through.   

Aquaphotomics – a survivial guide 

At the beginning of my aquaphotomics journey, I spent one month in the Bio measurement Technology Lab at 

Kobe University, Japan , doing the standard “beginner`s experiment” – measurement of near infrared spectra 

of several tap, spring and commercial mineral waters. My objective was to use the spectra to identify each water. 

After 5 days of morning and afternoon measurements of 10 different waters, I had enough data to analyze. I 

learned few things, how to subtract the spectra, create aquagrams and make a lot of nice-looking graphs. 

However, I was far from reaching my objective and I understood nothing.   

 

Looking back to this experience, even though at that time I was not aware of it, I left the Lab of prof. Tsenkova 

equipped with only 3 things: 

1) Good data! I knew how the water spectra should look like. And this is the most important step. It depends 

on the instrument, measurement technique and acquisition software. Not all instruments are designed with 

the precision needed for aquaphotomics analysis, nor they provide the spectra in the form which can 

usually be seen in the papers. But if you know how the spectra should look like, it is enough. In the visible 

near-infrared range the spectra must be smooth across the entire 400 – 2500 nm region, with clearly 

recognizable 4 peaks (Fig.1). Whichever part you zoom in, like presented in the Fig. 1, even when you 

subtract the average spectrum or pure water spectrum, the spectra still must look smooth enough. This is 

important step to learn to recognize what is noise and what is spectral response, which in the case of water 

is very subtle. There will be occasions when good signal is not possible to achieve in the whole region, 

but in that case look for any usable parts.  

2) The second thing I had was a corner-stone paper “Aquaphotomics – Dynamic spectroscopy of aqueous 

systems describes peculiarities of water” [1]. This paper is aquaphotomics in a nutshell, a perfect 
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introduction to the basics of water structure, different water species, conformations and their functionality 

in different systems. It also contains the fundamental table with the 12 best known water absorbance bands 

in the area of 1st overtone of water (1300 – 1600 nm).    

3) Lastly, I had one more paper “Prion protein governed by metal binding” [2], written by prof. Tsenkova 

back in pre-aquaphotomics era. This paper tends to be overshadowed by later publications, but it is one of 

the best written papers from which I have learned how to “read” the graphs and do basic analysis like 

Principal Components Analysis and SIMCA, and I always recommend it as a great paper for beginners.   

 

 
 

Figure 1. Visible-near infrared spectra of several types of water 

 

These three simple things provided me in the following years with much more than I initially intended. And 

now I often feel overwhelmed by how many lovely interesting things can be seen from only one dataset! 

With so many on-line materials now available like open access papers, free software and programming tools, 

YouTube video instructions, it is easy to build on the knowledge after laying down the good foundation. Starting 

from scratch, can sometimes be difficult, especially when it comes to performing the experiment. Materials & 

methods sections of the papers do not provide sufficient enough details because they are often considered 

unimportant or trivial. This is the reason why we specifically wrote “Essentials of aquaphotomics and its 

chemometric approaches” [3] in which we addressed many of such issues.  

What will be learned  

Aquaphotomics is still an uncharted territory, and what may seem as an obstacle in the analysis will in most 

cases reveal something new which builds your experience, a valuable contribution that can be shared with other 

aquaphotomics researchers. Each step matters. The workshop will present all the steps needed for successful 

performance of experiment and analysis. A variety of different scenarios, working with different samples and 

measurement techniques will be presented and explained in an easy to understand manner. You will be guided 

how to find solutions for obstacles and difficult cases which might happen when you are doing the preprocessing 

and/or analysis. Lastly, in the interpretation part you will learn how to read the story the water mirror is telling 

you using WAMACs as letters and WASPs as words.     

 

References 

1. Tsenkova R (2009) Aquaphotomics: Dynamic spectroscopy of aqueous and biological systems describes peculiarities of water. J 

Near Infrared Spectrosc 17:303–313.  

2. Tsenkova, RN, Iordanova IK, Toyoda K, Brown DR. (2004) Prion protein fate governed by metal binding. BBRC 325.3: 1005-1012 
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From Non-invasive Diagnostics to Aquaphotomics  

Roumiana Tsenkova1* 

1 Biomeasurement Technology Laboratory, Kobe University, Japan 

* Presenting author and Correspondence: rtsen@kobe-u.ac.jp   

 

Near-infrared spectral data of body fluid, milk, have been used for non-invasive disease diagnostics (mammary 

gland inflammation) in dairy cows [1], for the first time in science, in 1985, collaborative study was done in 

Bulgaria and Russia. Later on, in 2013, in-vivo diagnostics of the same disease has been achieved at Kobe 

University in Japan using the spectra of mammary gland tissue2 acquired by the Japanese Fantec NIR instrument 

in the range of 600– 1100nm. Our Laboratory of Bio measurement Technology at Kobe University, Japan has 

been the leader in this field using Near-infrared spectra for diagnostics of many other diseases like prion disease 

in mouse, mosaic virus in soybean, HIV in humans, oxidative stress etc., for pathogen identification and other 

physiological studies like diagnosis of estrus in animals, real time amyloidogenic nucleation monitoring, UV-

induced DNA cyclobutane pyrimidine dimers etc. In 1996, thanks to the Japanese scientific grant for 5 years, 5 

teams (Japanese National Institutes of Animal Welfare and Food Science and 3 universities: Hokkaido 

University, Kwansei University, and Kobe University, have been working on NIR spectroscopy for Bio 

measurements [3]. One of the main achievements was the discovery that mammary gland inflammation could 

be diagnosed not only by the spectra of milk or udder tissue. Similar accuracy has been achieved when using 

other respective biofluids of the same animal, for example blood or urine spectra. High correlation has been 

observed between the components of one bio fluid and the spectra of another biofluid, too. The main difference 

in the spectra of healthy and diseased animals has been found in water's spectral pattern in the biofluids or 

tissue. These findings lead to discovering that vast information is hidden in the long time neglected and avoided 

water absorbance regions in the NIR spectra. 

 

In 2005, at the International Conference on NIRS in New Zealand, for the first time, a new scientific discipline 

called Aquaphotomics, Figure. 1, has been proposed as life science’ “– omics discipline”. The word 

“Aquaphotomics” means all about water–light interaction. Light represents the energy at various frequencies 

over the entire electromagnetic spectrum. NIRS Aquaphotomics is the most suitable method for in-vivo non-

destructive spectral monitoring, a source of immense information extracted after multivariate analysis of the 

real-time spectral data. The main concept of Aquaphtomics is the “water mirror approach”, which proves that 

light describes as a spectral pattern reflecting how the water molecular system is structured under the influence 

of all internal and external factors like a mirror image of the surrounding matter and energy. Water spectral 

pattern is a new integrative multidimensional biomarker directly related to system functionality. Unlike other 

reductionist “–omics” sciences, Aquaphotomics is interdisciplinary and integrative. 
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Figure 1. Aquaphotomics outline 
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Encounter with Peculiarity in Physical Properties of Water and 

Expectation for Aquaphotomics 

Mutsuo Iwamoto 

Former Director General, Kagoshima Food Technology Development Research Center 
mutsuo-iwamoto@nifty.com 

 
 

Introduction 

As a food technologist, my concerns with water content in foods and also the state of water in food which are 

closely related to their physicochemical properties. A great deal of evidence on the state of water in foods have 

been reported in use of various instrumental methods such as nuclear magnetic resonance (NMR), differential 

thermal analysis (DTA), thermogravimetric analysis (TGA) and so on. Water activity (Aw) is also useful for a 

convenient indication of an intrinsic parameter in relation to a water vapor sorption isotherm of foods. 

 

Meanwhile, more than five decades have passed since near infrared spectroscopy (NIRS) was brought to the 

public notice since NIRS for nondestructive evaluation techniques of foods and agricultural products. I had a 

great experience to learn the technology under Karl Norris in USDA Beltsville Agricultural Research Center 

(BARC) for a year during 1978 and 1979. It is not necessary to say that he had been highly respected as “The 

Farther of NIRS” and a pioneer who had quickened the technology evaluated as less worthy for a long period.  

 

One day in measuring a spectrum of water itself as one of compositions in foods, I got well known three major 

bands due to water around 1150, 1450 and 1940 in the wavelength between 1200 nm and 2700 nm (Fig.1). 

Additionally, in the second derivative spectra, I happened to find an evidence that each absorption must be 

consisted of three components of spectra. Since that time I always think of “what the bands mean” in my carrier. 

 

I was very happy to commence research on NIRS in the home institute, National Food Research Institute, with 

imported NIRS instrument of Neotec 6350 which was firstly designed as a fully computerized one modified by 

“Norris Machine” which was home-made instrument. Additionally, it is also happy to meet a book named “Mizu 

to Yoeki” (Water and Solution) by Professor Dr. Keizo Suzuki of Ritsumeikan University [1]. The book edited 

by reviewing more than 300 papers has a chapter mentioning about fundaments of peculiarity in 

physicochemical properties of water as well as instrumentation for measuring them, including NIRS as related 

to a part of vibrating spectroscopy technology.  

 

Glance at water molecule 

The water molecule is consisted of one oxygen atom and the two hydrogen atoms which are bonded together 

by two covalent bonds, forming the angle between O-H bonds is approximately 104.50, depending on 

environmental conditions around the molecule. Consequently, the water molecule has a spherical geometry as 

small as about 3.5Åin diameter. As compared to other substances, water molecule is very simple in terms of 

molecular weight, for example. However, it has much peculiarity of physicochemical properties.   

 

In addition, it is important to know that one of special features of water molecule has two lone- pairs of electrons 

in the oxygen atom, being caused by so higher electronegativity character of the oxygen atom as compared with 

that of hydrogen atom in the covalent bond. As results, one water molecule has a potential to form two proton 

donor type of hydrogen bonds O-H…O and two proton acceptor type of hydrogen bonds H…O-H between 

neighboring water molecules, and then totally four hydrogen bonds per one water molecule are formed to create 

so-called cluster structure that was proposed by Nemethy and Scheraga in 1962 [2] (Fig.2). 

 

As far as the cluster is concerned, there are many hypotheses which have been proposed on the basis of 

theoretical and experimental approaches to explain the structure of cluster. However, since one of difficulties 

in this kind of study is that the cluster maintains its configuration for only a short time less than picosecond 
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because the water molecule perturbs to make and break hydrogen bonds in the cluster, we need an 

instrumentation which allows us to observe such high speed motion of the water molecule in the cluster.  

 

Fig.3 [3] shows the methods for observing the perturbation of water molecules as a function of time-scale of 

perturbation period. For example, an instantaneous perturbation of water molecule corresponding to so-called 

I-structure has the time-scale of perturbation period is less than 10-14 sec. Due to the perturbation period is too 

short, there is no available instrumentation to observe the perturbation directly. A newly development technique 

in use of super-computer simulation for dynamics of water/ice molecules is a powerful way to visualize and 

understand the I-structure at the present time.  

 

On the contrary, most of instrumentations for thermal parameters for example reflect only a diffused structure 

of so-called D-structure which gives an information related to molecular perturbation averaged in the time 

length longer than around 10-6 sec. In addition, the structure having a time-scale of perturbation period between 

D-structure and I-structure is defined as V-structure. It is noted that both IR and Raman in the vibrational 

spectroscopy, for example, can observe the state of water with a perturbation period time length nearly close to 

I-structure. On the other hand, presently improved NMR makes it enable to observe much shorter perturbation 

period as compared to one in several decades ago.  

 

As far as NIRS is concerned, it is very important to note that it has great advantages for understanding the state 

of hydrogen bonds in water as compared to IR and Raman for the reasons as follows [1]; 

 

(a) Characteristics that molecular absorption coefficient of NIRS is small as much as 10-3 in comparison to 

MID-IR is absolutely fatal for a spectroscopic technology. However, in other words, much more amount of 

water sample of cm-order in thickness can be used in NIRS to enable us to measure transmittance measurement 

of spectra more easily.  

 

(b) NIR spectra tend to show a larger shift in the wavelength at the peak band that was influenced by 

surrounding condition such as temperature and solutes, for example. Particularly, NIR spectra are more sensitive 

to hydrogen bond than MID-IR.    

 

(c) No influence from Fermi resonance appears in NIR spectra. 

Mixture model of water molecule 

The structure of water molecule has been one of research subjects that are attractive to scientist. Several 

structural models had been proposed in order to explain the peculiarity in physicochemical properties of water. 

A mixture model reported by Buijs-Choppin (1963) [4] is that water spectrum in around 1200 nm consists of 

mixture of three components and peak bands of the component appear at 1160 nm, 1200 nm and 1250 nm, 

respectively. He assigned respective band in terms of number of hydrogen bond in the water molecule. Namely 

band at 1160 nm is assigned to free water (S0) with no hydrogen bond, band at 1200 nm with one hydrogen 

bond (S1) and band at 1250nm with two hydrogen bonds (S2), respectively. Also, Fornes-Chaussidon (1978) 

[5] made similar observation of absorption band at 2000nm for water and ice in the temperature range of -50－

50０C. Using the spectrum decomposition method, he classified the spectra into three components to appeal the 

mixture model.  

 

Assuming that the mixture model of water molecule is correct, it is possible to decompose the water spectrum 

very easily into each component in use of the second derivative spectrum. For example, it is noted that second 

derivative spectrum due to water at 1240nm shows that the spectrum consists of 1156nm (S0), 1202nm (S1) 

and 1244nm (S2), band at 1450nm does 1412nm (S0), 1466nm (S1) and 1510nm (S2) and also band at 1940nm 

does 1900nm and 1974nm. The band at 1950nm is complicated but 1900nm will be assigned to (S0). It is 

important to understand that the band at 1450nm was convenient for qualitative analysis of water structure 

because the band is assigned simply as combination of symmetrical valence vibration (ν1) and unsymmetrical 

valence vibration (ν3) by Bonner and Woolsey (1968) [6]. 

    

As results of investigation regarding the spectra at 1450nm region at different temperature in the range of 30－

600C, the original spectra show (1) the spectra show an apparent isosbestic point at 1422nm and (2) the peak 
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bands shift to the shorter wavelength as temperature increases with a decrease of absorption at a higher 

wavelength as well as ones reported by Fornes and Chaussidon in 1978. On the other hand, the second derivative 

spectra at 1400 nm (S0) increase in intensity as temperature increases and bands at 1466 nm (S1) and 1510 nm 

(S2) show an inverse tendency. However, temperature shows no influence on a shift of bands in the second 

derivative spectra (Fig4). The same tendency as obtained in the second derivative spectra at 1450 nm region 

can be seen at 1150 nm region, but only a little difference at 1930 nm [6].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. NIR spectrum of water measured by “Norris 

machine” in 1978. 

Figure 2. Formation of hydrogen bonds between 

neighboring water molecules (left) and Cluster 

structure of water (right).    

Figure 3. Instrumental methods for observing perturbation of water molecules as a function of time-scale 

of perturbation period.  

Figure 4.  Changes of NIRS spectra of water as affected by temperature. Original spectra (left) and 2nd derivative 

spectra (right). 
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Effect of solutes on water molecule 

Regarding effect of solutes, major effects of the interaction in the spectra can be observed as a shift of peak 

absorption bands and also a change of their intensity as well as an increase of half width of the band. Summary 

of observation of solution are as follows: (1) A shift of bands in the second derivative spectrum is strengthen in 

solutions depending appreciably on the sort of solutes, (2) The shift is appreciable only at the bands which can 

be associated with molecular fractions of (S0) and (S1) species, (3) The shift seems to be related to the hydration 

potential of respective solute, (4) In most cases, the absorption intensity at 1150nm and 1450 regions decreases 

in the solution, (5) The absorption intensity at 1930nm region changes complicatedly. In most cases, the band 

at 1974nm observed in pure water shifts to nearly 1990nm and increases in the intensity. This band may be 

associated with (S1) species, (6)MgCl2 show the most appreciable influence on the bands, and NaF did an 

inverse tendency [6].  

 

Together with results of investigation conducted later in use of a home-made apparatus which is installed a 

temperature-controlled sample cell in the ranges of -140－800C, interesting spectra obtained obviously will be 

reported. In conclusion, NIRS with the second derivative procedure of spectra have a great advantage in a direct 

observation way of various phenomena of foods and biological objects as well as other materials in terms of 

interaction between compositions as solutes with the water molecule in general [7].  

NIRS applied for analyzing characteristics super-heated steam  

We applied NIRS to investigate physical properties of super-heated steam by mean of home-made apparatus 

which enable to control the temperature and pressure up to 5000C and 0.5 MPa, respectively. Spectra of steam 

inside the vessel are measured by a NIRS system using a fiber optic connected to the spectrophotometer. The 

bands at 1950nm which is one of bands assigned to water molecule. It is interesting to note that super-heated 

steam is consisted of 1838nm, 1872nm 1916nm and 1920nm. It is clear that band below 1900nm is supposed 

to be assigned to the third overtone of O-H deformation or rotation. 

   

 In addition, it is very interesting to find that super-heated steam has reducing power. The phenomena is verified 

simply by reducing red rust (hematite) to black one (magnetite) of nails under the condition exposed by the 

steam. It is reasonable to suppose that most of water molecule in the steam under slightly lower in pressure at 

certain temperature condition than that of saturated steam are consisted of water molecule S0 mainly and this 

phenomena is produced by the two lone-pair electrons in oxygen atom in the steam.   

Applications of peculiarity in properties of water molecule 

 Together with interests in fundamental researches on physicochemical properties, a great potential of 

applications in use of their properties for industrial technology and medical diagnostic technology. For these, 

“Aquaphotomics” should play an important role through interdisciplinary collaborations.  
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This article overviews molecular spectroscopy studies of water from far-ultraviolet (FUV) to far-infrared 

(FIR)/Terahertz (THz) and Raman spectroscopy. In our studies FUV, NIR, IR, FIR, THz, and Raman 

spectroscopy including imaging techniques have been used to investigate the water structure. We compared 

various spectroscopic methods and elucidate their characteristics and advantages in investigating water, water 

adsorption, water diffusion, and water interactions. Not only pure water but also aqueous solutions, water in 

polymers and water in biological tissues were studied.  

 

Keywords: water structure, molecular spectroscopy, hydrogen bonds, vibrational spectroscopy, electronic 

spectroscopy  

Introduction  

I started water research about 40 years ago. I investigated the aging and cataractgenesis of rat lenses using 

Raman spectroscopy. [1] I found the water content in the lenses decreases with aging and increases with 

cataractgenesis by measuring Raman spectra of lenses in situ. Since that time I have been interested in 

nondestructive analysis of water in biological tissues. In this review article. I report FUV, IR, Raman and NIR 

studies of water, water interactions and water diffusion.  

Electronic and vibrational spectra of water  

Figure 1 shows an electronic and vibrational spectrum of water in the regions from vaccume-ultraviolet (VUV) 

to FIR. From the VUV to FUV region one can observe an electronic spectrum of water and from the NIR to 

FIR region its vibrational spectrum can be observed. 

  

Figure 1. An electronic and vibrational 

spectrum of water. 

Figure 2. ATR-FUV spectra of H2O and 

D2O 

ATR-FUV spectrum of water   

Figure 2 shows temperature-dependent ATR-FUV spectra of H2O and D2O in the 145-180 nm region. [2] The 

150 nm band is assigned to the n-σ* or n-3s-Rydberg transition. This band reflects the hydrogen bonds of 
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water. We investigated the effects of inons on this band. We also studied structure of water adsorbed on an 

aluminum surface by variable angle-ATR-FUV technique.   

Raman and IR studies of changes in water structure and interactions among water, 

CH2, and COO- groups during water absorption in acrylic acid-based super 

absorbnet polymers (SAP)  

Figures 3 and 4 show temperature-dependent variations of Raman and IR spectra and their second derivatives 

of water.3 (The spectra were normalized by the intensity at 3400 cm-1). Bands at around 3600, 3400, and 3200 

cm-1 are ascribed to dangling water, weakly-hydrogen bonded water, and strongly hydrogen-bonded water, 

respectively. Figure 5 displays temperature-dependent spectral changes of Raman spectra of SAP with the water 

content of 60%. [3] Comparison of the spectra in Figure 5 with those in Figure 3 reveals that the relative intensity 

of the 3200 cm-1 band decreases in the spectra in Figure 5. The intensity decrease of this band becomes larger 

with the decrease in the water content in SAP. This band shows a higher wavenumber shift with temperature 

decreases in the cases of water content of 60 and 50 %, but in the case of water content of 40% the shift is small.  

 

Figures 3 and 4 (left and middle). Temperature-dependent variations of Raman and IR spectra and 

their second derivatives of water. [3] Figure 5 (right). Temperature-dependent spectral changes of 

Raman spectra of SAP with the water content of 60%. [3] 

Water diffusion in a tablet monitored by NIR spectroscopy  

Figure 6 displays changes in the peak-hight ratio-based image of tablet dissolution developed using the second 

derivative intensities at 1361 and 1354 nm due to ascorbic acid and water, respectively. [4] NIR spectroscopy 

is very useful for water dispersion in tablets, polymers and other materials.  

 

Figure 6. Time-dependent changes in the peak-hight ratio-based image of tablet dissolution 

developed using the second derivative intensities at 1361 and 1354 nm due to ascorbic acid and water, 

respectively.4 
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Water constitutes roughly 70% of the mass of our body. Water balance is one of the most important homeostatic 

functions. There is a dynamic and precise regulation for water balance in our body; secretion such as tears or 

saliva and absorption in digestive tracts or kidney. Disturbance in water balance can be seen in many clinical 

disorders from dry syndromes to brain edema. The discovery of the water channel, aquaporin (AQP) greatly 

expanded our understanding of the regulation of the water permeability of biological membranes.   

 

We have introduced a couple of new technologies in order to understand water dynamics and biological 

relevance of AQP in the living system. A nonlinear optical microscopy technique, the coherent anti-stokes 

Raman scattering (CARS) imaging, has been applied to directly and quantitatively imaging water transport 

through cell membranes. We introduce “Aquaphotomics” approach to access water dynamics of the cells as 

well as AQP functions. Molecular dynamics simulation is also used to evaluate our experimental findings 

regarding to the water permeability through AQP.  

 

Interestingly, it’s been accumulating evidence that AQP4 may be involved in the brain lymphatic pathway and 

its dysfunction may lead to the neurodegenerative disorders such as Alzheimer’s disease and amyotrophic 

lateral sclerosis (ALS). I will also discuss about this issue with some recent experimental data. 

 

Taken together, we try to understand life science better by focusing on water molecule behaviors at a 

microscopic level. 
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During the last four decades, near-infrared (NIR) spectroscopy (800–2500 nm; 12,500–4000 cm−1) has become 

one of the most attractive and used methods for analysis for the following reasons: it represents a non-

destructive analytical tool allowing a fast and simultaneous qualitative and quantitative characterization of a 

wide variety of samples [1]. The last decade marked a rapid acceleration in the continuing trend of the 

miniaturization of NIR spectrometers (Fig. 1). These devices remarkably increase the flexibility of analysis; 

however, attention needs to be paid to the various factors affecting their performance in different scenarios [2]. 

Currently, it is a focused and very active research direction to perform systematical evaluation studies of the 

analytical accuracy and reliability of various miniaturized spectrometers available at the market [2].  

 

NIR spectroscopy a particularly potent tool for analyzing natural products and their constituents [3]. Water is 

an important substance from the point of view of NIR spectroscopy of natural products and in various bio-

related applications. As the result of relatively high index of absorption, water is a strong contributor to NIR 

spectra of such samples. Furthermore, moisture content is often a critical factor affecting the quality and 

suitability of a product. Therefore, the applicability and analytical performance of miniaturized NIR 

spectrometers in the analysis of water content, or an independent property of the sample, in which water is 

present, is a factor of critical importance.   

 

 

Figure 1. The accelerating trend in the miniaturization of NIR spectrometers with visible recent 

breakthroughs in the flexibility and deployability factors. 
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This presentation focuses on a variety of scenarios, in which water plays important role either as the target 

analyte, or by forming the matrix and interfering with the outcome of the analysis. Overviewed are the research 

directions at this wide-horizon of investigation, currently advanced by the Institute of Analytical Chemistry and 

Radiochemistry, University of Innsbruck (Austria). The importance of using combined tools, integrated into 

NIR analytical method, which improve its accuracy, reliability and applicability, is discussed (Fig. 2). Advanced 

methods of calibration (e.g. Artificial Neural Networks) directly improve the performance of miniaturized 

instruments in analyzing moisture, equalizing the accuracy of these instruments with benchtop spectrometers. 

Two-dimensional correlation spectroscopy (2D-COS) yields insights into the relative sensitivity observed 

between different instruments towards specific NIR bands. Quantum mechanical simulation of NIR spectra 

unveils the role that the interaction of the targeted analyte with the surrounding water molecules play in 

enhancing the information acquired from NIR spectra. The simulation also enables interpreting the instrumental 

difference observed between different handheld sensors in light of the chemical information on a given 

constituent, and to predict the performance level of a spectrometer in similar analysis. This suite of methods 

enables intelligent design of future NIRS analysis, which is particularly important for moist samples with 

complex matrix [3]. 

 
 

Figure 2. The scheme of multi-planar methodology used for increasing the accuracy, flexibility and 

applicability of modern NIR spectroscopy. 
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Yunosato is an all-encompassing hot spring and hotel facility, including restaurants supplied by their own 

organic farm, offering dressings, jams, and yogurts made at their designated Taeko’s Kitchen (Fig. 1). All 

services and products, such as mineral water and cosmetics are produced with their well water. It is located in 

Konono, Wakayama Prefecture, at the base of the historic World Heritage Site, Koyasan. Kukai, a Buddhist 

monk who founded the esoteric Shingon school of Buddhism in Koyasan, prophesized that the land of Konono 

would later supply water that would help the people. 

 

Three types of water are found at Yunosato, named as Gold Water, Silver Water, and Bronze Water. All three 

are unique in their own respective ways. Since their grand opening in 1987, many customers and employees 

alike have voiced inexplicable improvements to their health utilizing these waters in various forms. Searching 

for explanations, minerals and substances within the water were investigated. However, no approach could 

capture the nuanced phenomena of these waters, until they were introduced to Aquaphotomics – a fast and non-

invasive method of looking at water using light – the water-mirror approach.   

 

 

 

Figure 1. Facilities of Yunosato 
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This presentation focuses on a variety of ways Yunsoato has been involved with aquaphotomics. Meeting 

Professor Roumiana Tsenkova inspired new hope and collaborative research with Kobe University promptly 

began. Now, 10 years later, a new aquaphotomics lab has been developed on the Yunosato property. 

 

Earlier studies investigated the characteristics of the Yunosato waters and how they correlate with temperature, 

humidity, and the moon cycle. Since then, Yunosato has acquired over 50,000 spectra and still continue to use 

near infra-red spectroscopy (NIRS) to monitor the quality of the water offered to the guests in various forms 

[1]. Aquaphotomics enabled Yunosato to better understand their waters and the change in their characteristics 

when blended with one another or with other various liquids and organic products at different ratios. 

Furthermore, utilizing NIRS to analyze the water spectral patterns of probiotics [2] and their mixtures with 

various strains and waters enabled the development and production of Yunosato’s signature soy yogurt, “Sasho 

Yogurt.” 

 

Lastly, this presentation shares one of its latest and on-going projects, where organic products are placed in a 

vacuum chamber with pressure as low as -98kPa at 35°C temperature using a vacuum drying unit. The 

evaporated water is then filtered and called bio-functional water, while the remaining solids are collected 

separately. The extracted samples and their blends with chosen liquids and solids are then analyzed and 

evaluated using aquaphotomics method to develop functionally designed products. Yunosato hopes to continue 

facilitating and encouraging the use of aquaphotomics in product development. 

 

 

Figure 2. Overview of extracting bio-functional water using FEC vacuum drying unit 
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“It was six men of Indostan  

To learning much inclined, 

Who went to see the Elephant  

(Though all of them were blind), 

That each by observation  

Might satisfy his mind” 

… 

“And so these men of Indostan 

Disputed loud and long 

Each of his own opinion 

Exceeding stiff and strong 

Though each was partly in the right,  

And all were in the wrong”  

The Blind Men and the Elephant by John Godfrey Saxe (1816-1887) 

 

Why Aquaphotomics?  

In answer to this question in 2009 paper “Aquaphotomics: dynamic spectroscopy of aqueous and biological 

systems describes peculiarities of water” [1] there is a phrase summing up nicely the goal of Life science – it is 

simply a “ Complete understanding of life”. The Science, which is today an enormous enterprise has been 

developed with the sole purpose of answering questions present in the mind of Homo Sapiens probably from 

the first moments of its awareness such as “What am I? What is life?” and even more mundane questions, like 

“How can I stop this pain?”, “How can I make this food last?”, “How can I know if this plant will kill me or 

heal me?”. Initially, the Science started simply as a “Phillosophy” or love for knowledge, a desire to get to the 

“truth of the matter” when stories told in myths, legends and superstions were no longer enough. So the ancient, 

wise people started chopping all the big questions into smaller ones that were easier to answer and then all that 

unfolded into what we now know as different scientific disciplines. The Nature was divided into different realms, 

light into visible and invisible, living systems into plants, animals, humans, microorganisms, the organisms into 

organs, tissues, cells. What was once “WHOLE” was repeatedly divided into smaller and smaller components 

and studied in more and more details by individual scientific disciplines, each one stimulating the development 

of specific scientific methods, measurement techniques and analytical tools.  

 

However, this practice of dividing seems to be in stark contrast with the works of Nature. The things we call 

“isolated system”, “ideal gas”, “pure water” or “free water molecule” do not really exist. Apparently, the Nature 

loves networks, creating bonds and organizing into the complex patterns, using some rules which we don’t 

understand and so we call them “chaos” if we absolutely can’t predict how the things are going to turn out, or 

“deterministic chaos” – when we do (amazingly, science became capable of that). This is where aquaphotomics 

comes into the picture with its aim to integrate, bring together, connect (Fig.1).  
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It allows observation of Nature and all living processes, dynamically, through the water molecular network, a 

highly sophisticated, sensitive network of hydrogen bonds connecting all the components of any aqueous or 

biological system into a functional unit, that can not be isolated from the influences of its “environement”. That 

said, even this division “system-environment” is blury, the Nature doesn’t really make disctinction and borders.     

    

Figure 1. Disintegrative approach separates systems into components, which brings better 

understanding of components at the price of losing the function of the system. Integrative approach 

places focus on studying the system as a whole with the primary objective to understand its 

functionality arising as a direct result of the complex interrelationship of components.  

The Language of Nature 

Networking is one of the fundamental principles of Nature governing the function of Life as we know it. That’s 

why aquaphotomics – to use all the “senses” of spectroscopy like ultraviolet, visible, near infrared, infrared, 

Raman, Terahertz, X ray to work together on observation and making sense of it.  

 

The aquaphotomics research is showing clearly that “Everything is connected”. We studied fatty acids in milk, 

and find out something new about the protonated water. Then we would study perfluorinated compounds 

(surfactants, similar to detergents) and the same water species would appear, telling us something about how 

they combine into micellar forms. The micelles would lead us to what we call “hydration water”. The same 

hydration water which was repeatedly found in connection with misshaped proteins. Or also with deposited 

proteins on the surfaces of worn contact lenses. The new contact lenses would show importance of strongly 

hydrogen bonded water. The same water found to be important for detection of damage on surface of 

mushrooms. Then, from the mushroom study, in connection to damage what we now call “trapped water” can 

be seen and further connected to the membrane damage and ion disbalans. This would be connected to 

dehydration and stress in plants leaves. And sugar-water interaction. Then speaking of salts we would encounter 

what we call solvation water, and that would be a guide to water vapour. The sugar-water interaction to phase 

transition. Water vapour would make connection between mealiness of apples, mobility of protons and water 

activity, which then leads further to phenomena of preservation, adsorption, wettability, moisture content and 

surface tension…The list is endless. Different phenomena could be described and connected to a pattern of 

different water species, absorbing at different frequencies. These freqeuncies in aquaphotomics we call 

WAMACS or letters, and their combinations we call spectral pattern or WASPs - words. And we are looking 

at Life through water spectral patterns reading the language of Nature which expresses itself in the “terms of 

energy, frequency and vibation”.  
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Temperature-dependent near-infrared (NIR) spectroscopy has been developed for quantitative and structural 

analysis. The technique has shown its potential in analyzing the water structures in chemical processes. Due to 

the complexity of the structure of water and the NIR spectra, chemometric methods were adopted for analyzing 

the spectral data. Continuous wavelet transform (CWT) was employed for removing the variant background 

and enhancing the resolution. 2D correlation NIR spectroscopy and Gaussian fitting with GA optimization were 

employed to analyze the spectral components of water. High order chemometric methods were employed for 

dealing with the high-dimensional spectral data. The function of water during the gelation of ovalbumin (OVA) 

and the aggregation of poly (N, N-dimethylaminoethyl methacrylate) (PDMAEMA) in aqueous solution were 

studied in our recent studies. The results show that all the water species change obviously with temperature and 

the structural change of the protein, but the water molecule with two hydrogen bonds (S2) plays an important 

role in the gelation. The aggregation of the polymer may happen directly from the dehydrated chains to the 

micelle in high concentration solution, but a two-stage conformation change was observed in the phase 

transition in low concentration solution. S2 water was also found to play an important in the transition. 

Therefore, temperature-dependent NIR spectroscopy combined with chemometric methods may be a powerful 

tool and water may be a probe for studying the structural changes in chemical processes. 
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Introduction 

 
Bovine respiratory disease (BRD) associated with Mannheimia haemolytica is the principal cause of pneumonia 

in cattle[1]. Diagnosis of BRD traditionally relies on visual assessment and more rapid and accurate diagnostic 

tests are needed[2]. Near Infrared Spectroscopy (NIRS) in combination with chemometrics allows fast, 

noninvasive assessment of biofluids, whereby the biochemical profile is described by the intensity and structure 

of sample transmittance spectra in the NIR band (780 to 2500 nm)[3]. Currently, blood plasma and blood serum 

are used to detect BRD with techniques such as PCR, NMR, and GC – MS. Serum is the supernatant of blood 

after coagulation, while blood plasma is the supernatant including coagulation factors that remains when the 

cellular componants are pelleted. [4]. Both plasma and serum are aqueous solutions (≥95% water) considered 

to be very similar and to produce similar results in clinical and biological studies[4]. Here we characterized the 

NIR spectral profile of blood plasma and blood serum from dairy calves infected in a controlled challenge with 

M. haemolytica by Aquaphotomics to map the molecular organization of the aqueous phase of these biofluids 

as complementary modes of discriminating this bacterial infection.  

 

Materials and Methods  

 
In the controlled challenge an infectious agent is introduced to the calves, procedurally carried out in accordance 

with the MSU-Institutional Animal Care and Use Committee (IACUC-19-037). The bacterial M. haemolytica 

isolate D153 was administered via bronchoalveolar lavage (BAL) catheter to five Holstein steers housed at 

Mississippi State University (MSU). Blood samples were collected via jugular venipuncture into two 

commercial blood collection tubes, one of them containing the anticoagulant EDTA. Samples were collected 

and processed to obtain plasma and serum pre- and post-challenge during four baseline days, 11 days 

immediately after challenge, and then every other day until Day 23 post-infection. NIR spectra was collected 

using a portable spectrophotometer ASD FieldSpec®3 +Indico®Pro (Malvern Panalytical, Boulder, CO. USA). 

Principal Component Analysis (PCA) was performed using Unscrambler® X v.10.5 (CAMO Analytics, Oslo, 

Norway) on the first overtone region of the near-infrared spectrum in the vibrational combination band between 

1300 - 1600 nm. Aquaphotomic profiles, including barcodes based on WAMACS and aquagrams, were created 

following published procedures[5–7].  

 

Results 

 
Aquaphotomic and Chemometric analyses displayed a different spectral pattern in the wavelength range 1300 

- 1600 nm for the evaluated biofluids. The first three Principal Components (PCs) explained the variance of the 

databases in 66.7% for blood plasma and 72.7% for the blood serum. No outliers were found in the Hotelling’s 

T2 influence plots obtained in the PCA. Barcodes for each biofluid showed shifts in specific WAMACS after 

M. haemolytica infection, as seen in Figure 1a. The Aquagrams displaying the normalized averaged spectra 
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showed different WASPs for both biofluids in addition to the highest points of the spectra located in specific 

coordinates for the samples collected during the Baseline and Infected periods of the challenge (Figure 1b, 1c).  

 

Overall, these blood biofluids are composed of proteins and peptides, carbohydrates, lipids, amino acids, 

electrolytes, organic wastes, and a variety of other small organic molecules dissolved in them[8]. However, 

plasma and serum contain some different biochemical components and metabolites, therefore offering different 

views of the animal condition. The main difference is that plasma retains solubilized blood clotting factors and 

fibrinogen, which are primarily composed of glycoproteins. The presence of these proteins alters the fluidity of 

the plasma as they are highly soluble and are surrounded by dynamic solvation shells in the water matrix. By 

contrast, significant portions of the protein composition are removed from serum in the clotting process, thus 

concentrations of proteins, and proteins of different molecular weight are present, such that the water matrix is 

less structured. These differences may suggest that the proteins in the plasma and serum between baseline and 

infected stages are influencing the patterns observed in the Aquaphotomics analysis, opening the possibility of 

using them as complementary modes of discriminating this bacterial infection and ultimately allowing to map 

the infection by M. haemolytica. 

 

 

 
 

Figure 1. Aquaphotomics. (a) Barcode based on the WAMACS, for the bovine blood plasma peak 

shifts can be seen in the coordinates C8, C9, C11, and C12. For the serum shifts were observed in the 

coordinates C2, C3, C5 and C8. (b) Aquagram displaying the normalized averaged spectra for the 

bovine blood plasma showing different WASPs and the highest points of absorbance at 1366 and 1510 

nm for the Infected and Baseline plasma, respectively. (c) Aquagram displaying the normalized 

averaged spectra for the blood serum showing the highest peaks for the Infected and Baseline samples 

at 1421 nm.   

 

Conclusions 

 
1. NIR spectral signatures revealed distinct biochemical patterns and WASPs in the blood plasma and blood 

serum with potential to be use as complementary modes of discriminating M. haemolytica infection in 

dairy calves. 

2. NIR Spectroscopy in combination with Chemometrics and Aquaphotomics has potential as a rapid in-line 

test for BRD detection using biofluids. 
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Introduction 

 
Rhizoctonia spp. are soil-borne pathogens causing seedling disease affecting economically important crops and 

plants worldwide, such as cereals, field crops, ornamentals, and fruit trees.  In Rhizoctonia fungi, cellular 

extentions called hyphae are the main mode of vegetative growth. Diagnostic classification of a new isolate or 

Anastomosis Group (AG) is traditionally based on its hyphae compatibility with reference Rhizoctonia solani 

isolates, of which 14 AGs are currently defined. The AGs: 1, 2, 3, and 4 are associated with the most destructive 

Rhizoctonia diseases worldwide, whereas the others are regarded as less destructive, making group 

identification critical for accurate treatment selection before economic losses occur[1, 2]. Although the 

anastomosis classification method is accurate, it is time-consuming, and in some cases it is not possible to 

determine which AG an isolate belongs to. Several molecular techniques like rDNA-ITS (ribosomal DNA 

internal transcribed spacer) have been found to simplify and/or more accurately classify isolates from R. 

solani[3]. However, genetic analyses are labor-intensive, costly, and require special handling to avoid DNA 

contamination and degradation. Here we proposed the use of Near Infrared Spectroscopy (NIRS) and 

Aquaphotomics to create a growth profile for four multinucleate AGs (AG-2, AG-4, AG-7, and AG-13) 

inoculated in basal liquid media and evaluated over time as the basis for the development of a rapid laboratory 

tool to differentiate infection by R. solani AGs.  

 

Materials and Methods  

 
Basal media containing glucose, amino acids, minerals, and vitamins, was prepared with the aim of providing 

a chemically defined medium to allow rapid growth of R. solani isolates for their further discrimination. Four 

R. solani isolates: AG-2 and AG-4 (destructive), AG-7 and AG-13 (less destructive) from the culture collection 

of tester Anastomosis Groups available in the Plant Pathology Unit at Mississippi State University, were 

inoculated in petri dishes containing solid basal media and incubated at 21°C for 8 days. Then, AGs were sub-

cultured in basal liquid media, and NIR spectra was collected using a portable spectrophotometer ASD 

FieldSpec®3 +Indico®Pro (Malvern Panalytical, Boulder, CO. USA) 1, 3, 7, and 15 days post-inoculation 

(d.p.i) to test the potential to detect and discriminate these AGs at an early stage of growth. Aquaphotomic 

profiles, including barcodes based on WAMACS and aquagrams, were created following published 

procedures[4, 5]. Additional chemometric analyses were performed to all the AGs simultaneously using 

Unscrambler® X v.10.5 (CAMO Analytics, Oslo, Norway) on the first overtone region of the near-infrared 

spectrum in the vibrational combination band between 1300 - 1600 nm and included Principal Component 

Analysis (PCA) and Discriminant Analysis (PCA-LDA). 

 

Results 

 
The mycelium, which is a mass of hyphae formed due to fungal growth based on energy metabolism in the 

basal media, was evident for all the AGs as soon as 1-day post inoculation. Aquaphotomic and Chemometric 

analyses (PCA) displayed a different spectral pattern in the wavelength range 1300 - 1600 nm for the liquid 

cultures containing the R. solani AGs, suggesting the biochemical changes on energy substrates, products, and 

key metabolites observed between each of the AG, over time, can be detected with NIRS and may be related to 

mailto:ckv7@msstate.edu
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different contributions from two metabolic pathways (PPP pentose phosphate pathway and TCA tricarboxylic 

acid cycle) involved in the formation of the mycelium. Barcodes show shifts between the four AGs in specific 

WAMACS after each d.p.i, as seen in Figure 1.  

 

 
Figure 1. Aquaphotomics Barcode based on the WAMACS. Peak shifts can be observed for the evaluated AGs in 

specific coordinates after each d.p.i.  

 

The first three Principal Components (PCs) from each d.p.i explained 70.8% ± 5.1 of the database variations. 

No outliers were found in the Hotelling’s T2 influence plots obtained in the PCA. The additional PCA-LDA 

models (Table 1) for the simultaneous discrimination of these R. solani AGs can identify NIR spectra from 

liquid cultures after each d.p.i with an accuracy >90 % in the calibration and validation processes and a 

specificity of 100%, meaning the control (basal media) simultaneously incubated with the samples was never 

classified as an AG. 

 

Table 1. PCA - LDA spectra classification and quality parameters expressed as Mean ± SD for liquid cultures 

containing four R. solani AGs after each time post-inoculation. Cal=Calibration, Val=Validation 

 

Quality 
Day 1 Day 3 Day 7 Day 15 

Cal 80% Val 20% Cal 80% Val 20% Cal 80% Val 20% Cal 80% Val 20% 

%Accuracy 99.2±0.4 96.7±0.4 97.5±0.9 96.7±0.4 91.7±2.3 93.3±0.5 98.3±0.5 90.0±1.3 

% Specificity 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

 

 

Conclusions 

 
1. We detected and discriminated four multinucleate R. solani AGs inoculated in basal liquid cultures using 

NIRS, chemometrics and aquaphotomics. Biochemical changes related to differences in metabolic growth 

generated distinct patterns in the WAMACs and WASPs based on dominant peaks in the wavelength 

range 1300-1600nm where OH, CH, and NH bonds interact with NIR light. 

2. Our data indicates NIRS in combination with Chemometrics and Aquaphotomics has potential as a rapid 

laboratory assay for R. solani AGs detection and discrimination as soon as 1-day post-inoculation using 

liquid cultures, in comparison with the 8 days required with the traditional classification method. This will 

be useful to reduce the current detection time and the selection of an accurate treatment for a most or less 

destructive AGs before economic losses occur in the crops. 
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Introduction 

Microtubules are highly negatively charged proteins which have been shown to behave as bio-nanowires 

capable of conducting ionic currents. The electrical characteristics of microtubules are highly complicated and 

have been the subject of previous work under varying conditions of pH and ionic concentrations [1-4]. However, 

the impact of the ionic concentration of the buffer solution on microtubule electrical properties has often been 

overlooked and never fully explored in a quantitative way.  

Materials and Methods  

In this work we use the non-linear Poisson-Boltzmann equation, modified to account for a variable permittivity 

and a Stern Layer, to calculate counterion concentration profiles as a function of the ionic concentration of the 

buffer. We solve these equations using a combination of software packages, namely: (1) for molecular modeling 

of the tubulin dimer - MOE software (Molecular Operating Environment; Chemical Computing Group, 

Montréal, Quebéc, Canada, and (2) for solving Poisson-Boltzmann equations - COMSOL Multiphysics 

software (COMSOL Inc, Burlington, Massachusetts). 

 

Results 

We find that for low‐concentration buffers ([KCl] from 10 μM to 10 mM) the counterion concentration is largely 

independent of the buffer’s ionic concentration, but for physiological-concentration buffers ([KCl] from 100 

mM to 500 mM) the counterion concentration varies dramatically with changes in the buffer’s ionic 

concentration. We have calculated the conductivity of microtubule-counterion complexes, which are found to 

be more conductive than the buffer when the buffer’s ionic concentrations is less than ≈ 100 mM and less 

conductive otherwise. These results demonstrate the importance of accounting for the ionic concentration of the 

buffer when analyzing microtubule electrical properties both under laboratory and physiological conditions.  

Conclusions 

The results in this work illustrate the influence of the buffer on the electrical properties of MTs. Counterionic 

condensation around MTs is strongly dependent on the buffer ionic concentration, which can be divided into 

two distinct regimes: the low concentration regime (10μM to 10mM), and the physiological concentration 

regime (100 mM to 500 mM). MTs in these regimes have marked differences in local and far-field counterionic 

condensation parameters which have been explored here in depth and should be considered in future biological 

and nano-device research. There is also important consequence of this work on the physiological properties of 

the cytoskeleton in neurons where electrical signaling can be seen to be very strongly dependent on the ionic 

composition of the cell. We conclude by calculating the basic electrical parameters of microtubules over a range 

of ionic buffer concentrations applicable to nanodevice and medical applications. 

 

 



 

- 33 - 

 

References 

1. Kalra, Aarat P., et al. (2020) Investigation of the electrical properties of microtubule ensembles under cell-like conditions. 

Nanomaterials 10.2: 265. 

2. Santelices, Iara B., et al. (2017) Response to alternating electric fields of tubulin dimers and microtubule ensembles in electrolytic 

solutions. Scientific reports 7.1: 1-11. 

3. Kalra, Aarat P., et al. (2020) All Wired Up: An Exploration of the Electrical Properties of Microtubules and Tubulin. ACS nano 

14.12: 16301-16320. 

4. Kalra, Aarat P., et al. (2021) Revealing and Attenuating the Electrostatic Properties of Tubulin and Its Polymers. Small 17.1: 

2003560. 

  



 

- 34 - 

 

Non-equilibrium Quantum Brain Dynamics in 𝟑 + 𝟏 dimensions with 

Water Dipoles and Photons 
 
Akihiro Nishiyama1*, Shigenori Tanaka1  and Jack A. Tuszynski2, 3, 4 

1Graduate School of System Informatics, Kobe University,  1-1 Rokkodai, Nada-ku, Kobe, 657-8501, Japan 
2Department of Oncology, University of Alberta, Cross Cancer Institute, Edmonton, Alberta, Canada T6G 1Z2 
3Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2J1 
4DIMEAS, Corso Duca degli Abruzzi, 24, Politecnico di Torino, Turin, TO, 10129, Italy 

* email: anishiyama@people.kobe-u.ac.jp  

 

 

Quantum Brain Dynamics (QBD) with water dipoles and photon degrees of freedom is one of the hypotheses 

of memory in the brain. We aim to show non-equilibrium properties of QBD for memory formations. We start 

with the Lagrangian density of QBD in 3 + 1 dimensions. We show time evolution equations, namely 

Schr"odinger-like equations for coherent electric dipole fields, the Klein–Gordon equations for coherent electric 

fields and the Kadanoff–Baym equations for incoherent dipoles and photons. We can describe non-equilibrium 

processes involving entropy production, super-radiance phenomena and the Higgs mechanism in this theory. 

We can apply non-equilibrium QBD to memory formation processes.   

Keywords:  Quantum Brain Dynamics, Kadanoff–Baym equation, Entropy Production 

 

Introduction 

Quantum Brain Dynamics (QBD) is one of the hypotheses expected to describe memory in the brain [1, 2, 3, 4, 

5]. The concrete degrees of freedom in QBD are water electric dipoles and photons. Memory in QBD is 

represented by ordered patterns of dipoles and photons where water dipoles are aligned in the same direction 

(spontaneous breakdown of symmetry).  The aim of this work is to show non-equilibrium properties in QBD 

using the Schro d̈inger-like equations, the Klein–Gordon equations and the Kadanoff–Baym equations. We find 

several aspects in non-equilibrium QBD, that is entropy production, super-radiance, and the Higgs mechanism, 

from our single Lagrangian [6]. Our results can be applied to the description of memory formations in QBD.  

 

Methods 

 
We adopt the Lagrangian density in Quantum Brain Dynamics (QBD) in 3 + 1 dimensions based on the 

preceding work [4].  We adopt two-energy-level approximation of dipole fields for the 1st excited states 𝜓𝛼 

with 𝛼 = 0, ±1 and those for the ground state 𝜓𝑠 in Fig. 1. 

Results 

We can derive the Schro ̈dinger-like equations for coherent dipole fields 𝜓
𝑠
 and 𝜓

𝛼
 (𝛼 = 0, ±1) with the bar 

representing the expectation values, the Klein–Gordon equations for coherent electric fields 𝑬  and the 

Kadanoff–Baym equations for incoherent dipoles and photons. 
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Figure 1. Two energy levels 

for electric dipole 

fields. The energy difference is 1/𝐼 = 4 meV. 

 

First, we find that the Kadanoff–Baym equations for incoherent dipoles and photons describe entropy producing 

dynamics, corresponding to the H-theorem which represents the 2nd law in thermodynamics in an isolated 

system. Next, we show the aspect of the super-radiance, the solution of flash light for quantum information 

transfer in memories diffused in the brain’s neocortex. Finally, we show the Higgs mechanism, where the mass 

term emerges for the shielding effect of fields, namely the Meissner effect. 

Conclusions 

Starting with the Lagrangian density in QBD in 3+1 dimensions with water dipoles and photons, we have 

derived the Schro ̈dinger-like equations for coherent dipole fields, the Klein–Gordon equations for coherent 

electric fields, and the Kadanoff–Baym equations for incoherent dipoles and photons. We can show entropy 

production with the H-theorem, super-radiance for quantum information transfer and the Higgs mechanism. 

Our theory can be applied to non-equilibrium phenomena in QBD, especially memory formations. 
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Cryopreservation of living cells is a technology used in the industries, and is the only way to stop the time of 

life. However, the mechanism has not been fully revealed scientifically. We are studying the cryopreservation 

mechanism using trehalose, which is expected as a natural cryoprotectant but is impermeable of cell membrane. 

Using the trehalose-transporter expressing cells, we found that the cryopreservation effect is significantly 

improved when trehalose was transported into cells. Various experiments were conducted to reveal this 

mechanism, and they suggested that the effect of dehydration was relatively small, although it has been regarded 

as important for a cell cryopreservation.  

Keywords: freeze–thaw viability, trehalose uptake, dehydration, cryoprotect mechanism  

Introduction 

At present, the cryopreservation technology is used mainly for germ cells in the fisheries and livestock 

industries, and in the project of scarce-species preservation. It is also the only technology that can stop the time 

of lives. However, the mechanism of cryopreservation has not been fully revealed scientifically yet. Thus, the 

safe preservation techniques have not been established for cells in high demand, such as nerve cells and 

cardiomyocytes. Since a lot of water is included in a cell, the cryopreservation comes to the problem of how to 

control the freezing of intra- and extra-cellular water. It requires to control mainly the appropriate freezing rates, 

and to control the freezing processes by adding cryoprotective agents (CPAs). In the slow freezing method used 

industrial, the extracellular water is preferentially frozen which leads to dehydrate the intracellular water, and 

inhibit the intracellular freezing. However, the CPA used at this method is glycerin or DMSO, which are 

reported to have cytotoxicity. Therefore, it is desired to develop the alternative CPAs for a safer 

cryopreservation. On the other hand, rapid freezing method used for cryopreservation of small amounts of cells 

is a technique of adding high-concentration vitrifying agents to suppress the formation of ice crystals. 

 

We are developing a safe cryopreservation method using trehalose, which is expected as a natural CPA but is 

impermeable of the cell membrane, and are revealing the cryopreservation mechanism of slow-freezing. This 

report shows our recent researches using the unique experimental system with cells expressing trehalose-

transporter (TRET1), which allows to take up trehalose into cells.1)2) This system allows us to obtain the clear 

results on the significant improvement of the cryoprotective effect by the intracellular trehalose and to reveal 

the mechanism of cryoprotection effect of trehalose. 

Materials and Methods  

The cells used in the study were Chinese hamster oocytes expressing TRET1 on the membrane (CHO-TRET1 

cells).3) TRET1 can selectively transport trehalose in both directions (depending on the trehalose-concentration 

difference between inside and outside of the cell) at high speed and in large quantities.3) By conducting 

experiments with cells with suppressed expression (CHO-vector cells), we can compare the state with and 

without intracellular trehalose under the same cells and under the same conditions. 

Trehalose (donated by Hayashibara) was added to the culture medium at a concentration of 0~1 M to prepare 

the frozen solution. CHO cells were dispersed in 1 mL of the frozen solution at 105~106 cells/mL and stored 

in a CO2 incubator to uptake trehalose into the cells or to dehydrate. Then, the samples were put into the cooling 

container controlled at -20~-196 °C to freeze at various rates. The sample was thawed rapidly at 37 °C, and 
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replaced with a culture medium quickly. Then the cells were stained by calcein-AM and propidium iodide 

(Dojindo) to measure their viabilities by observing with an epifluorescence microscope (Olympus, IX-71). To 

confirm the proliferative ability of the viable cells, the thawed cells were cultured for a week. 

Results and Discussion 

Figure 1 shows the viability of CHO-vector cells and CHO-TRET1 cells at -80 °C depending on the trehalose 

concentrations in the frozen solution.1) Most of vector cells were dead at all concentrations, but TRET1 cells 

showed high viabilities, especially at concentrations of 400-500 mM. In experiments with different freezing 

temperatures, the significance of viabilities of TRET1 cells compared to vector cells was found at temperatures 

higher than -100 °C, but not at temperatures lower than -100 °C. From these results, the cryopreservation of 

cells was found to be significantly improved by transporting trehalose into the cells.  

 

 

Figure 1. Viabilities of cryopreserved CHO-vector cells (gray diamonds) and CHO-TRET1 cells (solid 

circles) at various extracellular trehalose concentrations. Each viability is the mean ± SD of 

microscopic measurements. The asterisks mark cases with significant difference of viabilities between 

CHO-vector cells and CHO-TRET1 cells at the same conditions (p < 0.01). 1)  

To clarify these phenomena, we evaluated the effect of trehalose on cells during the pre-freezing incubation and 

measured the amount of trehalose uptake into CHO-TRET1 cells.2) As a result, we found the upper limit (about 

80 pg/cell) for the uptake amount of trehalose. The saturated intracellular solution is isotonic with the 

extracellular solution of about 400 mM trehalose, which maximizes the cryopreservation effect. Based on these 

results, we investigated which process, the intracellular trehalose transport process or the extracellular 

dehydration process is important for the cryopreservation effect. The model investigation suggested that, at 

concentrations smaller than 400 mM, trehalose was transported into the cell until being isotonic state, and the 

viability improved according to the amount of intracellular trehalose. However, the cells were considered to be 

damaged before freezing due to the dehydration stress at higher trehalose concentrations. That is, the presence 

of intracellular trehalose was found to be more important than dehydration from cells. In the future, we plan to 

use the aquaphotomic approaches using Raman or IR spectroscopies to understand the state of both intra- and 

extra-cellular water. We will also plan to examine the cryopreservation condition of the cells expressing 

aquaporins to clarify the cell dehydration effect on the slow cryopreservation mechanism. 
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The influence of embryonic bioactivity on the water structure was investigated using near-infrared (NIR) 

spectroscopy and imaging. The yolks of the activated eggs contained higher proportions of weakly hydrogen 

bonded water than those of non-activated eggs. A possible factor responsible for the significant changes in the 

water structure was revealed to be a protein secondary structural change from an α-helix to a β-sheet in the 

activated eggs. NIR images of the activated eggs successfully visualized the water structural variation in the 

yolk with a higher proportion of weak hydrogen bonds due to the activation of embryonic development. 

Keywords: NIR spectroscopy, NIR imaging, Water structure, Embryogenesis 

 

Introduction 

NIR imaging has been a matter of keen interest because it provides the spatial distribution of chemical 

components nondestructively even for thick materials. In the present study, we investigated the relationship 

between bioactivity and water structure in Japanese medaka fish (Oryzias latipes) eggs using NIR imaging in 

situ. We aimed to better understand the differences between whether a new life will be born or not by 

investigating "water" as the main component of biology from the standpoint of molecular spectroscopy. 

Materials and Methods  

The variations in the components of the yolk, such as proteins, lipids, and water, were investigated and 

compared for four different kinds of egg samples: (a) eggs that were activated by fertilization and three kinds 

of non-activated eggs where embryogenesis was stopped or not started by (b) culturing under cold temperatures, 

(c) instant freezing or (d) the lack of fertilization. The NIR imaging data were obtained by a microscopic NIR 

system; Perkin-Elmer Spectrum One FT-NIR spectrometer equipped with a HgCdTe (MCT) detector (Spectrum 

Spotlight 300). To quantitatively evaluate the magnitude of a water peak shift ex vivo at approximately 5200 

cm-1, four kinds of perturbations were given to ultrapure water: (i) temperature, (ii) ion concentration, (iii) 

protein concentration, and (iv) the secondary structural changes of proteins.  

Results and Discussion 

In NIR absorbance and second derivative spectra obtained from egg yolk, water, protein, lipid bands were 

observed. The broad features around 6950 and 5200 cm-1 are due to combination of the symmetric and 

antisymmetric O-H stretching modes and of antisymmetric O-H stretching and O-H bending modes of water, 

respectively [1]. The peaks at 4258 and 4340 cm-1 represent the combination of C-H stretching and bending 

modes, and the ones at 4864 cm-1 are assigned to amide modes relating of proteins [1]. 

In order to investigate the yolk component differences between activated and non-activated eggs, principal 

component analysis (PCA) was performed to the dataset of NIR second derivatives. The dataset was classified 

into two groups by principal component (PC) 1 and PC2 show in Figure 1, and the discriminant component 

between activated and non-activated was indicated to be related with water structure. Generally, water has 

mainly two components of water at normal temperature for organisms; strongly and weakly hydrogen bonding 

water [2, 3], and two bands at approximately 5200 and 5000 cm-1 to weakly and strongly hydrogen-bonded 
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water, respectively [4]. That is, the present results exhibited 

the activated eggs had higher ratio of weakly hydrogen 

bonding water than those of non-activated.The bioactivity was 

likely to have an impact on the hydrogen bonds of water. 

Figure 2 exhibits NIR imaging constructed by plotting second 

derivative intensities due to protein (4864 cm-1) and strongly 

hydrogen donging water (5190 cm-1). The differences of 

material variations and water distributions can be visualized 

between activated and non-activated eggs [5]. 

 

 

 

 

Conclusions 

The bioactivity of embryogenesis was assessed through changes in the water structure using NIR spectroscopy 

and imaging. In the activated eggs after fertilization, the water band at approximately 5250 cm-1 shifted to a 

higher wavenumber by 2-4 cm-1, and the proportion of WHB water was higher than that in non-activated eggs. 

The water structure was likely to vary due to the higher proportion of WHB water associated with protein 

structural changes. NIR imaging successfully visualized the dynamic water structural changes depending on the 

embryogenetic activity. Whether a new life will be born or not was revealed through changes in the water 

structure. 
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To understand the role of water in the interaction of proteins and cells at biological interfaces, it is important to 

compare particular states of hydration water with various physicochemical properties of hydrated materials. 

Here, we discuss the fundamental concepts for determining the interactions of proteins and cells with hydrated 

materials along with selected examples, including poly(2-methoxyethyl acrylate) and other biomaterials. The 

states of water were analyzed by differential scanning calorimetry, in situ attenuated total reflection infrared 

spectroscopy, and surface force measurements. We found that intermediate water which is loosely bound to a 

biomaterial, is a useful indicator of the bioinertness of material surfaces.  

Keywords: Water states, Polymeric Biomaterials, Aquatic Functional Materials 

Introduction 

Water molecules play a crucial role in biointerfacial interactions, including protein adsorption and desorption. 

Many studies have been conducted to understand the relationship between the protein adsorption and 

physicochemical properties of biomaterials. For instance, hydrophilicity/hydrophobicity, molecular mobility, 

charge, viscoelasticity, surface morphology of material surfaces can have an impact on the bioinertness of 

biomaterials. However, our molecular understanding of the mechanisms responsible for the protein behavior on 

biomaterials is incomplete. When biomaterials come in contact with blood, the water molecules present in blood 

immediately get adsorbed on the surface of the materials. This is followed by protein adsorption, protein. To 

understand the behavior of interfacial water around the biomaterials, interfacial water structure and dynamics 

on materials can be considered. Herein, we describe the role of the states of biointerfacial water in the 

bioinertness of the materials using thermal, spectroscopic, and surface force measurements to provide structure-

based design guidelines for novel and effective biomedical surfaces. 

Materials and Methods  

The preparation of hydrated materials and analyses of the amount of hydration water and its states were 

performed using previously reported methods [1]. The amount and states of hydrated water and the presence of 

intermediate water in the materials such as water-insoluble poly(2-methoxyethyl acrylate) (PMEA)/PMEA 

derivatives, water- soluble poly(ethylene glycol), poly(vinyl pyrrolidone), and zwitterionic (betaine) polymers 

were evaluated by differential scanning calorimetry (DSC), solid-state NMR, time-resolved in situ attenuated 

total reflection infrared (ATR-IR) spectroscopy, and surface force measurement using atomic force microscopy 

(AFM) [2]. As reference materials, not only biomolecules/biopolymers but also inorganic materials or other 

chemicals, such as calcium phosphate minerals, and cholinium phosphate-type ionic liquids were used. 

Results 

The states of water at the biointerface differ from those of bulk water (non-bound water). Two types of bound 

water states exist in hydrated materials-tightly bound water (non-freezing water) and scarcely bound water 

(freezing water or free water). In addition, the intermediate state bound water (i.e., loosely bound water or 
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freezing bound water or intermediate water) is observed in hydrated PMEA/PMEA derivatives, which show 

low protein adsorption properties. The presence of intermediate water, rather than non-freezing water and free 

water, is a useful indicator of the bioinertness of the biomaterials. The characteristics and traditional names of 

the three types of water are listed in Table 1. The intermediate water is also observed in hydrated biomolecules 

and biopolymers (DNA, RNA, proteins, and polysaccharides). The intermediate water contents are dependent 

on the type of materials. The factors that affect the intermediate water content are molecular flexibility, mobility, 

and hydration forces.   

Table 1. Classification of three types of hydrated water states 

Mode of 
binding 

Traditional 
name 

Freezability 

Time-resolved 
ATR-IR peak 

top of OH 
stretching 

region 
(cm-1) 

Solid state 
NMR 

correlation 
time c (s) 

Surface force# 

 
Scarcely 
bound 
water 
 
 
Loosely 
bound 
water 
 
 
Tightly 
bound 
water 
 

Freezing 
water or  
Free water  
 
 
Freezing 
bound water 
or 
Intermediate 
water  
 
Non-freezing 
bound water  

 
Melting at 0 
°C 
 
 
 
Freezing and 
melting 
below 
0 °C 
 
 Non-freezing 
below 
0 °C 

3400–3200 
  
 
 
 

3400 
 
 
 
 

3600 

 
 

1012−1011         
  
 
 
 

1010−109  
 
 
 
 

108−106                
 

 

 
 
No interaction 
 
 
 
 
Repulsion at a long 
range (2–4 nm) 
 
 
 
Repulsion at a short 
range (< 1 nm) 
 

#This classification is based on the results of hydrophilic inorganic materials and self-assembled monolayers. 

 

We found that the structured interfacial water (intermediate water) plays an important role in determining 

protein adsorption. A physical barrier of intermediate water of thickness of 2 to 3 nm is necessary for 

bioinertness. Our multiscale interfacial analysis integrates advanced analytical methods in biological hydrated 

conditions to clarify the role of intermediate water in biological functions. Our results will provide an in-depth 

understanding of biological mechanisms and guiding principles to design biomaterials. 

Conclusions 

Protein adsorption and cell adhesion were controlled by intermediate water contents. The intermediate water is 

the common state of water in hydrated biomolecules/polymers and bio-inert synthetic materials. The 

intermediate water is a useful index for determining the bioinertness/antifouling property. Surface force 

measurements revealed a protective barrier of interfacial water that prevents protein adsorption and cell 

adhesion. This finding on intermediate water provides novel insights and helps develop novel experimental 

models for Aquaphotomics. 
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The mechanism for the dehydration of Mg(OH)2 and hydration of MgO was investigated by NIR spectroscopy. 

Mg(OH)2 showed three absorption bands at 7339, 7306, and 7157 cm−1 (7339 cm−1, OH(e) and OH(c) located 

on the edge corner of the Mg(OH)2 sheet, 7306 cm−1, OH(t) located on the terrace of Mg(OH)2 sheet; 7157 

cm−1, OH(i) located on the interlayer of Mg(OH)2 sheets). During the hydration of Mg(OH)2 into MgO, the 

OH(i) disappeared and the OH(t) on the Mg(OH)2 was converted to the hydrogen-bonded OH groups on the 

MgO (7309 cm−1). Furthermore, the mechanism for hydration of MgO was also clarified by NIR spectroscopy. 

Keywords: Near infrared spectroscopy; Mg(OH)2 dehydration; MgO hydration 

Introduction 

To tackle global warming issue due to the escalating emission of CO2, researches have focused on the effective 

use of unharnessed thermal energy sources using chemical heat storage (CHS) materials [1−3]. For example, 

dehydration of Mg(OH)2 and hydration of MgO, regarding a reaction: Mg(OH)2 ⇄ MgO + H2O, correspond 

to storage and output processes of thermal energy, respectively. In this system, water molecule plays an 

important role as a heat carrier. In this study, we have applied the NIR spectroscopy to clarify the mechanism 

for the dehydration of Mg(OH)2 and hydration of MgO involving water molecules. 

Materials and Methods  

MgO was prepared by calcination of Mg(OH)2 at 600 °C for 1 h in an electric furnace. Crystal structures of 

Mg(OH)2 and MgO were characterized using an XRD, TG-DTA-MS measurements. Furthermore, the NIR 

spectra for dehydration of Mg(OH)2 and hydration of MgO were monitored in a diffuse reflectance mode using 

FT-NIR spectrophotometer (FT/IR-4700, JASCO, Japan). The baseline was calibrated using an Al plate. 

Results 

Fig. 1(A) shows the NIR spectra for the dehydration process of Mg(OH)2 under heating conditions [4]. Before 

the heat treatment, the Mg(OH)2 showed three different absorption bands at 7339, 7306, and 7157 cm−1, which 

can be assigned to the first overtone (2νOH) of the hydroxyl groups of Mg(OH)2. The corresponding absorption 

bands were actually observed at 3702, 3687, and 3648 cm−1 (mid-IR region) in the FT-IR spectra (not shown 

here). Interestingly, the IR spectrum of Mg(OH)2 was first reported in 1905 by W. W. Coblentz [5]. Although 

the hydroxyl groups of Mg(OH)2 were not observed, the fundamental vibration modes (νOH and δ) of H2O 

were clearly detected at 3 and 6 µm. Moreover, the combination and first overtone bands were observed at 2 

and 1.4 µm, respectively. Among the three absorption bands at 7339, 7306, and 7157 cm−1 (Fig. 1(A)), the 

former two bands can be assigned to less hydrogen-bonded hydroxyl groups located on the near-surface and the 

latter one to hydrogen-bonded hydroxyl groups positioned in the interlayers of Mg(OH)2. As the temperature 

increased to 400 °C, the intensity of the band at 7157 cm−1 gradually decreased, and the two bands at 7339 and 

7306 cm−1 were combined into one at 7309 cm−1. At temperature higher than 450 °C, only one band was 

observed at 7309 cm−1, which can be assigned to the hydrogen-bonded hydroxyl groups of MgO surface. For 

further discussion on the dehydration process of the Mg(OH)2, second-derivative spectra are shown in Fig. 

1(B). As the treatment 
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Temperature increased, the absorption bands due to the OH groups of Mg(OH)2 decreased but gradually shifted 

toward higher wavenumber regions. This behavior indicates that the hydrogen bond networks between the OH 

groups of Mg(OH)2 change into a dense state during the hydration process. A possible explanation could be 

that the MgO moieties, which are formed on the Mg(OH)2 surface, compress the bulk structure, especially in 

its interlayer direction. After these bands disappeared at 400−450 °C, a new band was observed at 7309 cm−1 

due to the hydrogen-bonded hydroxyl groups of MgO surface. These observations were in good agreement with 

the results of the TG-DTS-MS and XRD measurements. In addition, hydration process of MgO was also 

discussed by NIR spectroscopy. 

Conclusions 

The dehydration of Mg(OH)2 and hydration of MgO were investigated by means of NIR spectroscopy. Three 

absorption bands could be detected for Mg(OH)2 at 7339, 7306, and 7157 cm−1, which were attributed to 

different OH groups of Mg(OH)2. As the Mg(OH)2 phase converted into MgO at approximately 400 °C, the 

OH groups of Mg(OH)2 surface were unified to hydrogen-bonded hydroxyl groups of MgO surface (7309 

cm−1), and the interlayer OH of Mg(OH)2 disappeared via a condensation reaction. In the hydration process of 

MgO, the isolated OH groups of MgO surface were readily converted into hydrogen-bonded ones. When a 

monolayer Mg(OH)2 sheet was formed on the MgO surface, OH groups were observed at 7345 and 7309 cm−1. 

As several Mg(OH)2 sheets were stacked, the interlayer OH of Mg(OH)2 appeared. 
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Figure 1. NIR spectra (left) and second-derivative spectra (right) for the dehydration process of 

Mg(OH)2. (a) r. t., (b) 50 °C, (c) 100 °C, (d) 150 °C, (e) 200 °C, (f) 250 °C, (g) 300 °C, (h) 350 °C, (i) 400 

°C, (j) 450 °C, (k) 500 °C, (l) 550 °C, (m) 600 °C. 
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Mechanism underlying anti-biofouling has been a matter of intense debate, although this is an essential issue in 

biomedicine, biosensing, etc. In this presentation, we overview the previous research works attempting to 

elucidate the underlying mechanism and introduce proposed mechanisms. Then, we present our recent progress 

on the analysis of interfacial behavior of water in the vicinity of various biomaterials, in particular, force induced 

by water.  

Keywords: 3 - 5 keywords  
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Introduction 

Antibiofouling property is highly demanded in various applications, including medical devices (stents, artificial 

blood vessels, heart valves, etc.) and marine coatings (coating of ships and marine sensors). Although many 

small or polymeric molecules have been developed to tailor solid surfaces bioinert, the mechanism of the anti-

biofouling property has not been fully understood. 1, 2 To understand the mechanism, we have analyzed 

interfacial interaction induced by anti-biofouling surfaces. Among them, the speaker would like to introduce 

the interactions induced by protein- and cell-resistant self-assembled monolayers (SAMs) and discuss the 

interactions responsible for their anti-biofouling property 

Materials and Methods 

We performed surface force measurements using atomic force microscopy equipped with a colloidal probe (Fig. 

1). This method enables us to measure the interaction between two surfaces with high accuracy and sensitivity. 

We fabricated SAMs listed in Table 1 on a substrate (Si) and probe (silica) and measured force-distance curves 

in phosphate-buffered saline solution.  

 

Figure 1. (left) Schematic illustration of surface force measurements using AFM equipped with a 

colloid-type probe (right) Scanning electron microscope image of a colloidal probe used for surface 

force and force-distance curves. 

Table 1. Chemical structures of thiols used to fabricate SAMs in this work 

abbreviation Chemical structure 

C8 HS-(CH2)7-CH3 

EG3-OH HS-(CH2)11-(O-CH2-CH2)3-OH 

SA HS-(CH2)11-SO3
- 

TMA HS-(CH2)11-N+(CH3)3 

MC SA + TMA 

SB HS-(CH2)11-N+(CH3)3-(CH2)3-SO3
- 
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Results 

The most important finding here is that we always observed water-induced repulsion between anti-biofouling 

SAMs (EG3-OH, MC, and SB). In sharp contrast, biofouling SAMs (C8, SA, and TMA) interacted attractively. 
3-6 We also investigated surface forces for biomolecule (DNA and peptide)-based SAMs and found a clear 

correlation between water-induced repulsion and bioinertness (protein- and cell-resistance). 7, 8 These results 

strongly indicate that the interfacial water plays an essential role in anti-biofouling.  

 

Figure 2. (left) Force-distance curves between SAMs measured on approaching in PBS (center & right) 

fluorescence microscope images of Human Umbilical Vein Endothelial Cells (HUVEC) on C8 and SB 

SAMs. 

Conclusions 

We found that the interfacial water in the vicinity of anti-biofouling SAMs of synthetic molecules and 

biomolecules plays a role of physical barrier to prevent biomolecules and cells' approach to the SAMs. Such 

findings may contribute to designs of biomaterials and a thorough understanding of smart molecular processes 

in biological systems.9 
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There are series of studies investigated the FUV region of various molecules by ATR-FUV spectroscopy on the 

first electronic transition of liquid water in neat liquid, aqueous solutions of salts. The first electronic transition 

of water is observed in neat liquid at 157 nm by ATR-FUV. These studies show the electronic states of water 

were changed by ions in the solution and the changes in electronic states were reflected in the electronic 

transition of the solvents. In this presentation we will show the changes in electronic states of water in super 

concentrated aqueous electrolyte, called hydrate met using ATR-FUV.  

Keywords: hydrogen bonding, hydrate melt, water in salt,    

 

Introduction 

Ultraviolet (UV) spectroscopy in the 145-200 nm region has recently been a matter of intense interest because 

many kinds of materials in the condensed phase. Rapid progress of the studies has been introduced by the 

development of attenuated total reflection spectroscopy in the FUV region (ATR-FUV), which has enabled us 

to measure the spectra in the complete Far-UV region for liquid and solid samples without facing problems 

such as peak saturation.1 Moreover, significant progresses of quantum chemical calculations for electronic 

excitation states of molecules improve our interpretations of the FUV spectra.2 There are series of studies 

investigated the FUV region of various molecules by ATR-FUV spectroscopy. 1-4 In the aqueous solution of 

alkali halides, charge-transfer-to-solvent bands of halide anions, I-, Br- and Cl- were observed in the region of 

185-250, 175- 220, and 170-190 nm, respectively. Moreover, the effect of alkali cation (Li+, Na+, K+, Rb+ 

Cs+) on the first electronic transition of liquid water which is seen around 150 nm were studied by ATR-FUV 

spectroscopy. 3 We also have studied the changes in electronic states of polyethylene glycol by coordination 

with Li+ in the highly concentrated solution. 4 These studies show the electronic states of solvents were changed 

by ions in the solution and the changes in electronic states were reflected in the electronic transition of the 

solvents. In this presentation we will show results of ATR-FUV spectra of super-concentrated aqueous 

electrolytes (SAE) (>21 mol/kg), called hydrate melt (HM). These very concentrated aqueous solution have 

strong attention because Li-ion batteries used SAE as electrolyte have the high performance over 3.5V, although 

water is used as solvent. As a reason for a large potential window, Miyazaki et al. proposes that water's potential 

becomes higher than the counter anion when water coordinates to Li+ directly, using theoretical calculation. 4 

We will have presented results of ATR-FUV spectra of SAE. We concluded that the band gap of water in SAE 

is very much enlarged by coordination with Li ion. 

Results 

This study aims to understand the electronic state of water molecules in HM by observing and analyzing the 

comparison with the ultra-pure water and the dependence on the concentration of Li salt and counter anion. 

Ultra-pure water shows a very broadband from 145 to 180nm, peak-top in around 157nm, and SAE also has a 

very broadband at 145 – 180nm, but table-top in 145 - 153nm is highest in this band and has a long tail to 

180nm. Peak analysis using the second derivative found new bands in 151(water) and 149nm (HM). 

Dependence on the concentration of LiTFS, not included the electronic transition in the observation range, is 

investigated to clear the assignment of new bands. As a result, most affective bands into the spectra changes are 

varied with the concentration range of Li salt, 0 <χ< 0.07(range I), 0.07 <χ< 0.15(range Ⅱ), 0.15 <χ (range Ⅲ). 

This correlation between the li salt concentration and spectra changes can be understood by the models that 

represented the number of water molecules surrounding the Li-ion. Additional experiments, comparison with 
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deuterated water and dependence on cations, are carried out to validate these models. Therefore, range-Ⅰ, -Ⅱ，

-Ⅲ is related to water’s hydrogen-bonding condition, range-Ⅰ reflects the changing of the number of the 

hydrogen-bonding between H2O-H2O, range-Ⅱ is variation between the second-shell H2O-H2O, and range-Ⅲ 

is the changes between the first-shell H2O- first-shell H2O. Finally, this study found the transition energy of 

water molecules of SAE is hugely higher than bulk water (A-X transition) because of the coordination with Li+ 

directly. However, it needs to compare the quantum chemical calculation to understand whether the blue shift's 

main reason is by the ground or excited state. 

 

 

 

Figure 1. Use figure caption style. If there are multiple panels in the same figure, the figure legend 

contain description of each one for example: (a) Scores plot of PCA analysis; (b) Loading plots of PCA 

analysis.   

Conclusions 

We observed ATR-FUV spectra of HM and its dependences on concentration of Li salts. Absorption band of 

the first electronic transition of water in HM shows blue shift with increase of Li salts. These results shows that 

the band gap of water in SAE is very much enlarged by coordination with Li ion.  
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The past two decades have seen much progress in water science with the establishment of a new common 

platform that can provide integration of knowledge. Aquaphotomics as a science was laid on a foundation 

provided by near infrared spectroscopy. The application of this holistic approach to food sector has been 

investigated by several groups of researchers. The usefulness of this discipline in understanding the role of 

water in food matrices has been already showed during the previous International and European Conferences. 

The aim of this presentation is to share recent results about the Aquaphotomics application to investigate the 

presence of food micro-components and to follow food dehydration processes, enlarging its application power 

in food sector.       

 

Keywords: food, water absorption pattern, NIR  

 

Introduction 

The Aquaphotomics discipline has grown exponentially since 2005 [1]. NIR spectroscopy has been recognized 

for several decades as a useful technique in the study of the composition and quality of fresh and processed 

food, in particular fruit and vegetables [2], also if the combination of NIR and Aquaphotomics applied to food 

sector started about twelve years ago. In more recent years, several groups of researchers have used the 

information related to the modifications of the NIR response in aqueous systems [3] reflected through the 

variations in the water absorption profile [4]. This work aims to report recent Aquaphotomics applications in 

food sector with the scope to enlarge its use and suggest new application items. 

Materials and Methods  

Three different experiments are reported: 

a. the investigation of the use of different salts during sturgeon caviar storage [6]; 

b. the evaluation of the efficiency of solar dehydration processes [7]; 

c. the continuous monitoring of sustainable food transformation processes [8]. 

The NIR spectra, in each trial, were collected in transflectance mode (spectral range: 900-1600 nm; 50 scans; 

125 reading points) using a portable MicroNIR 1700 (VIAVI Solutions, Italy). The spectra pre-treatments were 

applied according to Tsenkova et al. [5]. Aquagrams, PCA, LDA and/or MBM (Moving Block Model) were 

then built up, depending on the goal. 

Results 

The main results are briefly reported for each experiment.  

a. The goal was QC detecting the presence of preservatives in particular in organic products (borax in 

sturgeon caviar). The LDA applied to the validation set achieved high classification rates for both borax 

and no borax samples, based on the absorbance differences in the 1400-1430 wavelengths range. 

Differences in chemical structure between the two types of salt used allowed the detection of borax, due 

to its different hydration power, even if added in a small percentage. 
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b. The goal was the identification of the differences between two sustainable drying processes monitoring 

variations in water absorption pattern. LDA was performed on wavelegths selected by PCA: 1342, 1364, 

1412, 1452, 1488 nm and allowed high discrimination between the two drying plants, with a respective 

correct prediction of 98% for plant 1, and 83% for plant 2. 

c. In verifying the suitability of the use of Aquaphotomics for the continuous monitoring of a solar dehydration 

process, some critical points were identified: a) the positioning of the NIR probe; b) the working 

temperature and the NIR probe isolation; c) the sample size; d) the identification of the process end. 

 

 Borax No Borax 

Borax 10 0 

No Borax 0 12 

Total 10 12 

Correctly classified 10 12 

Table 1. Classification matrix of the validation set (22 sturgeon caviar samples; 43 samples in classification matrix) 

Conclusions 

1. Aquaphotomics can be a fast useful tool for the identification of preservatives (such as sodium tetraborate) 

in food products (caviar batches). 

2. These preliminary results suggested the use of Aquaphotomics, associated to NIR calibration for some 

chemical markers, in identifying the drasticity of different thermal processes in function of the final food 

quality. 

3. The obtained results suggested the applicability of Aquaphotomics for the continuous monitoring of food 

drying processes using an adequate NIR probe. 
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The results of several experiments, related to the application of near-infrared spectroscopy and aquaphotomics 

to study the degree of ripeness of white brined cheese and yellow cheese and discrimination of natural and 

imitation cheese and yogurt, will be presented. 

Keywords: Cheese, yogurt, ripening, imitation dairy products, NIR, aquagram  

Introduction 

Dairy products are worldwide spread and have great commercial importance within the food industry. A rapid 

and reliable analysis of these products, including the determination of its chemical properties, ripening stage, 

adulteration and geographical origin, would be highly desirable both for the manufacturers and consumers. Near 

infrared (NIR) spectroscopy has been used as a method to predict the quality of different foods and real-time 

nondestructively monitoring of production processes due to the speed of analysis, minimal sample preparation 

and low cost [1,2]. Aquaphotomics added addition tools for spectroscopy analysis of food products [3].  

The aim of this work was to assess the feasibility of NIR spectroscopy and Aquaphotomics to study the degree 

of ripeness of cheese and discrimination of natural and imitation cheese and yogurt. 

Materials and Methods  

Several experiment with white brine cheese, yellow cheese and yogurt were performed: 

 Investigation of ripening process of Bulgarian white brine cheese and Bulgarian yellow cheese from 

cow milk, coagulated with cheese rennet and went through a process of ripening. Samples for spectral 

analysis were taken from first up to 74 days.  

 Yogurt from cow milk (natural or mixed with 5, 10, 15 and 20% dry skim milk), prepared in laboratory 

conditions. The milk was pasteurized (95°С/30 min), cooled to 45°С, and inoculated with 1.5% yogurt 

culture consisting of Lactobacillus delbrueckii ssp. bulgaricus and Streptococcus thermophiles.  

 Bulgarian white brine cheese - natural from cow milk, produced from mixture of cow milk and dry 

skim milk, imitation products with vegetable oil or produced with addition of hydrocolloids.  

Spectra of all tested samples were obtained with a scanning NIRQuest 512 (Ocean Optics, Inc.) instrument in 

the range 900-1700 nm using reflection fiber-optics probe. A Pirouette 4.5 (Infometrix, Inc.) was used for 

performing spectral data processing. PLS models were developed for quantitative determination and SIMCA 

for classification. Aquagrams were calculated using transformed by MSC spectral data [3]. 

Results 

Differences in near-infrared spectral data during ripening in the range of first overtone water region were found 

for both white brine cheese and yellow cheese samples. The biggest variation in spectral data were observed 

around 1368, 1417 and 1468 nm. The importance of this spectral region was confirmed by the analysis of the 

information from the models for classification of samples according to ripening stage and estimation of days of 

ripening. Aquagram pattern of cheese samples changed significantly in the process of ripening, showing 

changes in the water matrix. 

Comparison of spectra of natural cheese or yogurt and imitation products, produced with adding a dry skim 

milk, vegetable oils or hydrocolloids also showed significant differences in the range of first overtone water 
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region. The models for discrimination of natural cheese or yogurt and imitation dairy products, based on spectral 

information in the region 1300-1550 nm, shower high accuracy.  

Aquagrams of natural and imitation cheese or yogurt with additive of dry skim milk also showed significant 

differences. For example, aquagrams of white brine cheese samples from cow milk (natural and produced with 

adding hydrocolloids) with different water content were presented at figure 1. The aquagrams divided the 

samples into three groups according to augmented water content and differences in specific water molecular 

structures, caused by added hydrocolloid gums and their water retention properties. 

 

 

Figure 1. Aquagrams of white brine cheese samples from cow milk with different water content – 

natural and produced with adding hydrocolloids. 

Conclusions 

Differences in absorption spectra of natural and imitation dairy products and cheese at different ripening stages 

in the first overtone water region existed, which could be explained with different functionally structures of 

water in the investigated products. Near-infrared spectroscopy and aquaphotomics approach has a potential as 

a rapid screening tool for assessing cheese ripening and detecting the adulteration of dairy products.  
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Aquaphotomics, is a pioneer scientific discipline for exploring water molecular systems in nature. In food 

science, aquaphotomics has been acknowledged for food characterization in combination with near infrared 

spectroscopy (NIRS). As a molecular mirror, water aids to indirectly measure molecules by their spectral 

fingerprint in aqueous food systems. This presentation aims to highlight some recent progress of this technique 

in food science from both instrumental and application point of view.  

 

From instrumental point of view, a handheld spectrometer (NIR-S-G1), produced by InnoSpectra Co. Taiwan 

proved to be a viable, affordable and reliable option that made it possible to measure liquids in a cuvette of 1 

mm pathlength when it was modified by building an external light source and using a fiber optic cable to lead 

the light to the sample holder without heating it.  

 

When the modified device was tested from application point of view with the aquaphotomics approach, 

classification of different origin Arabica and Robusta coffee drinks was possible with high accuracy using linear 

discriminant analysis (LDA) and quantification of the adulteration of Arabica coffee drinks with Robusta coffee 

drinks was also possible with good accuracy using the partial least squares regression (PLSR).  

 

Structural changes of water as a result of adulteration made it possible to authenticate honey when samples from 

different botanical sources were mixed with rice syrup, self-produced sugar syrup and high fructose content 

sugar syrup. The level of adulteration could be predicted with high accuracy using PLSR. 

NIRS and aquaphotomics were also successfully used to monitor germination time of mung bean and to predict 

the ascorbic acid content of the bean extract with high accuracy using PLSR.  

 

Using benchtop spectrometers with the aquaphotomics approach, artificially manipulated low grade Tokaj 

wines with grape concentrate were clearly distinguished from the non-adulterated wines and high quality Tokaj 

wines with LDA. The concentration of the added grape concentrates in the low grade Tokaj wines could be 

predicted with high accuracy with PLSR. 

 

Differently diluted aqueous solutions of paprika powder containing corn flour at different concentrations, 

showed that authentic paprika powder samples could be discriminated from its adulterated counterparts with 

high accuracy with LDA and the level of adulteration could be predicted with lower than five percent error with 

PLSR.  

 

Multiple adulterants in tomato paste concentrate were correctly classified and quantified with lower than one 

percent error regardless of the type and number of applied adulterants.  

Nine different concentrations of pork and beef meat mixtures could be classified with high classification rate 

with NIRS and aquaphotomics using LDA. The prediction of pork meat in beef meat was also possible with 

high accuracy using PLSR and the model presented prediction error as low as 1%w/w.  

The recent studies of NIRS and aquaphotomics with the diverse variety of food matrixes prove the wide 

spectrum of applicability of the aquaphotomics approach in the field of food science.  
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In our studies, we have explored aquaphotomics on simple aqueous systems, such as sucrose solution of various 

concentrations, kiwifruit juice, and finally on whole intact kiwifruit. Our analysis focuses on the first 

(1300 – 1600 nm) and the second (800 – 1100 nm) overtone regions of the OH stretch of water. For a simple 

aqueous system, water bands were identified in the first and second overtone regions that can explain water 

structure according to sugar concentration. The key question is: Can aquaphotomics help in developing better 

prediction models for intact fruit analysis? The partial least square regression (PLSR) model built in the second 

overtone region with 10 mm path length gave a standard error of prediction (SEP) of 0.11% which was 

comparable to the first overtone prediction using a 1 mm cell. This confirms that longer path-lengths are 

important for the short wavelength second overtone region and hence for solid samples such as kiwifruit, where 

light travels longer path lengths. The PLSR model built in the 800 – 1000 nm region (second overtone) gave a 

better result with a SEP of 0.41 % compared to 0.64% in the 600 – 1100 nm range implying that the important 

information exists in the tight window of the second overtone region. 

Keywords: Fruit quality, Brix, Aquaphotomics, Aquagram   

 

Introduction 

Fruits like apples and kiwifruit whose quality parameters such as dry matter and Brix can be assessed non-

destructively with near infrared (NIR) spectroscopy are more than 80% water. The NIR spectrum of fruit is 

dominated by water absorption peaks that shift and vary in shape with changes in quantities such as sugar 

content, temperature, etc. Aquaphotomics is a spectral analysis methodology that utilizes NIR spectroscopy and 

focuses on absorbance patterns related to water bands and the effect of perturbations due to variation in 

temperature, the concentration of solutes, environment, etc.[1] As the water peaks at 1450 nm (first overtone) 

and 970 nm (second overtone) in the samples vary due to soluble solids concentration (SSC), we investigated 

the aquaphotomics approach to learn more about changes in the water structure that are apparent in the 

1300 – 1600 nm and 800 – 1100 nm wavelength regions. In the present study, we identified water bands for 

SSC variation in the first and second overtone regions. Models are built on aqueous samples using 

measurements from two transmission cuvettes of different path lengths, set to optimize the signal to noise for 

the first and second overtone region. We built calibration models for SSC prediction of kiwifruit juice at one 

temperature using measurements from an FT-NIR spectrophotometer. For intact whole fruit measurements, data 

were collected using a portable NIR spectrophotometer. Data modeling used PLSR and standard normal variate 

(SNV) pre-processing techniques. 

Materials and Methods  

A total of 100 Gold Kiwifruit “Actinidia chinensis” were purchased from New Zealand retail stores. Non-

destructive NIR measurements were made on intact fruit, then the juice was extracted from squeezed endcaps. 

The juice was collected in Eppendorf tubes. FT-NIR analysis and reference measurements were performed at 

room temperature of 22 °C. For reference data, the SSC (°Brix) of the kiwifruit juice samples was measured by 

a digital refractometer (Atago Co. Ltd, Tokyo, Japan). Non-destructive NIR interactance measurements were 

acquired in the 300-1100 nm range using a handheld NIR instrument (F-750 Produce Quality Meter; Felix 

Instruments, Portland, USA) taking two separate measurements on opposite sides in the equatorial plane of each 

fruit. Transmittance spectra of the juice samples were measured at 22 °C (±1 °C) with an FT-NIR spectrometer 

(Tango, Bruker Corporation, Germany) equipped with a temperature-controlled holder. Two measurements 

were acquired for each juice sample using quartz cuvettes of 1 mm and 10 mm optical path length, respectively. 
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For each measurement, one spectrum, which was the average of 32 successive scans, was recorded for the range 

870-2500 nm with a resolution of 16 cm-1. Measurements with 1 mm and 10 mm path length cuvettes were also 

taken on Milli-Q water and sucrose solutions with SSC varying from 5 to 17.5 % with a step increase of 2.5 %. 

Predictive models were developed using MATLAB version R2018b (Math Works Inc., Natick, USA) and the 

PLS toolbox version 8.6.2 (Eigenvector Research Inc., Wenatchee, USA) with four-fold venetian blind cross-

validation applied. The spectral data were pre-processed using SNV.  

Results and Conclusions 

Using a longer pathlength cell of 10 mm for second overtone region measurements (Fig 1(b)), the ambiguity of 

the water spectral pattern (WASP) compared to the 1 mm pathlength cell (Fig. 1(a)) is reduced. The aquagram 

in Fig. 1(b) illustrates that, as the sugar concentration rises, the number of strongly hydrogen-bonded water 

molecules (S2, S3, S4: water molecules with two, three, and four hydrogen-bonds, and (v1, v2): symmetrical 

stretching fundamental vibration) increases, resulting in highly organized water structures. 

 

 

 

 

 

 

 

Figure 1. Aquagram of sucrose solutions in the second overtone region of OH stretch of water using a) 1 mm 

path length cuvette and b) 10 mm path length cuvette 

 

There is an improvement in model performance for SSC prediction of kiwifruit juice with a 68% reduction in 

the standard error of prediction (SEP) when using the 10 mm path length cell measurements in the 870 – 

1100 nm region (Table 1). Therefore, the path length of the sample cell is an important factor for improving 

aquaphotomics interpretation in short wave-NIRS because light has a longer penetration depth in this region. 

For the whole intact fruit, the PLRS model gives better results in the reduced 800 – 1000 nm region with a SEP 

of 0.41% in comparison to 0.64% in the 600 – 1100 nm region. 

Table 1. Comparison of SSC prediction model performance for kiwifruit juice and for intact whole kiwifruit  
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PLS  (Ncal=63 and Nval=33) 

Pathlength/ 

Sample 

Wavelength 

range, nm 
R2

cv RMSECV R2
p RMSEP Bias SEP 

1 mm (Juice, 

FT-NIR) 

1300-1600 0.99 0.13(± 0.01) 0.99 0.13(± 0.03) 0.02 0.13 

870-1100 0.94 0.31(± 0.04) 0.93 0.37(± 0.09) 0.09 0.35 

10 mm (Juice, 

FT-NIR) 
870-1100 0.99 0.13(± 0.02) 0.99 0.11(± 0.02) 0.01 0.11 

Intact whole 

fruit (F-750) 

600-1100 0.75 0.70(± 0.02) 0.79 0.65(± 0.09) 0.08 0.64 

800-1000 0.88 0.47(± 0.03) 0.91 0.43(± 0.06) 0.12 0.41 
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Introduction 

In the last four decades, the exploration of the solid part of water’s state diagram has flourished. Within this 

timeline the structures of crystalline ices X - XIX have been resolved using diffraction methods. While these 

methods offer information on space group, size of unit cell and exact atom locations, infrared (IR) spectroscopy 

reveals the vibrational structure – with insights on chemical reactivity, e.g., after photoexcitation. After the 

pioneering works of Whalley and co-workers on mid-infrared (MIR) spectroscopy (4000-200 cm-1) of ices I, II, 

IV, V, IX [1, 2], as well as the MIR studies of ices VII, VIII, X [3–5], no more work has been devoted to MIR 

characterisation of ice polymorphs. Moreover, the excitations in the near-infrared (NIR) range (10000-4000 cm-

1), that is, overtones and combination bands, of all ices, except for ice Ih [6], VI and VII [7], are unknown. The 

technique of NIR spectroscopy, however, is of high importance for the exploration of celestial bodies, since 

NIR waves pierce through interstellar dust, revealing objects lying behind. High-pressure ices make up the 

mantles of Saturn's and Jupiter's icy moons and are found on Earth in the form of diamond inclusions, and so 

NIR-spectroscopic data are highly desired. 

Materials and Methods  

High-pressure ices II, IV, V, VI, IX and XII were synthesized using the piston-cylinder setup established in the 

Loerting Lab. Quench-recovered samples were characterized using X-ray powder diffraction (CuKα1 radiation; 

diffractomer: Siemens D5000/Bruker D8 Advance). Near-infrared spectra were recorded at ambient pressure 

and liquid nitrogen temperature (~ 77 K), using a Büchi NIR Flex N-500 benchtop spectrometer in diffuse 

reflectance mode. Reflectance spectra were converted to Kubelka-Munk (K-M) function spectra. After baseline 

correction single spectra summed up and normalized to the corresponding maximum of K-M function. Peak 

centers and shoulders were identified by evaluation of first and second derivative spectra. 

Results[8] 

Here we present unprecedented spectroscopic data of crystalline H2O-ices II, IV, V, VI, IX and XII in the near-

infrared range. Fig. 1 depicts the NIR spectra of crystalline H2O ices between 7800 and 4400 cm-1. We want to 

highlight the blue-shift of the low-frequency wing (at ~ 6000 cm-1) of the first overtone of the OH-stretching 

vibration (2 νOH; at ~ 6600 cm -1), observed for high-pressure ices relative to low-pressure ice Ih.  
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Figure 1. NIR spectra of ices Ih, II, IX, IV, V, VI and XII between (a) 7800-5400 and (b) 5800-4400 cm-1.   

Conclusions 

The NIR-range (10000-4000 cm-1) of high-pressure ices II, IV, V, VI, IX, XII was explored for the first time. 

Seven different overtone and combination bands for each ice polymorph could be assigned. The band at 

~ 6000 cm-1 shows a correlation with (topological) density – the higher the wavenumber the higher the 

topological density of the high-pressure ice. Furthermore, the full width at one third of the maximum (FWTM) 

of the first overtone of the OH-stretching vibration (2 νOH) decreases with increasing density. Therefore, the 

2 νOH band acts as an excellent marker for discrimination between different ices with different oxygen 

sublattices as well as discrimination between crystalline and different amorphous ices, which is subject to future 

work.  
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Vibrational coupling between carbohydrates and the hydration shell was unveiled as the underlying mechanism 

that improves wavenumber-selectively the carbohydrate discrimination performance by near-infrared (NIR) 

spectroscopy. This effect has been previously identified as the “water mirror effect” and evidenced by empirical 

studies and observations [1]. It has been concluded in the literature as the driving factor behind the improved 

ability to detect the presence of an analyte in aqueous solution, because of its interaction with the surrounding 

water molecules [1]. Its existence, however, was only indirectly observed through its impact on analytical 

performance of NIR spectroscopy. In the present work, we took on the aim to obtain independent evidence and 

detailed insights into this fundamentally important phenomenon from quantum mechanical NIR spectra 

simulations [2]. A detailed information on the background of NIR spectra simulations is available in a recent 

review article [3].  

 

The results of multivariate classification and quantification are interpreted by the theoretical ab initio simulation 

of the NIR spectra of the investigated carbohydrates and their first hydration shells. The simulation unveils that 

the water mirror phenomenon is vibration-selective and thus wavenumber-selective, and leads to an 

enhancement of the qualitative information contained in the specific spectral regions. The location of these 

regions and the related performance correspond fully to the appearance and magnitude of the cooperative 

vibration effect unveiled by multi-variate analysis (MVA). 

 

The investigation into the effect of water mirror on the classification performance in low concentration of an 

analyte was based on NIR spectral measurement of six carbohydrates (fructose, glucose, mannose, ribose, 

xylose and sorbitol) in aqueous solution in different concentration levels. The limit of applicability of qualitative 

MVA analysis (discrimination between the six carbohydrates) was performed for two spectral regions (A: 6320-

5564 cm-1; B: 4924-4096 cm-1; Fig. 1a) and two concentration levels (5 mg/mL, ~30 mmol/dm−3; and 

20 mg/mL, ~100 mmol/dm−3). The applied methods included principal component analysis (PCA) and Linear 

Discriminant Analysis (LDA). 

 

Subsequently, we investigated the manifestation of the water mirror effect in the limit of quantification and 

performance of various linear (PLSR, PCR) and non-linear regression methods (SVMR, GPR) and Artificial 

Neural Networks (ANNs). This was based on glucose in aqueous solution examined in a wide range of 

concentrations (1-200 mmol/dm−3). 

 

Our investigation evidenced that the water mirror effect, understood as the vibrational coupling between the 

analyte (in this case, carbohydrate molecule) capable of forming hydrogen bonding with the solvent molecule 

(i.e., in this case, water) is vibration-selective and thus wavelength (wavenumber) selective. This picture 

obtained from the data independent from the experiment, spectra simulation, is fully consistent with the 

observations of the real-life systems. The improvement in selectivity of NIR spectra towards the solvated 

analyte (Fig. 1b; presented for qualitative analysis) appears only in those wavelengths, where this effect is 

observed (Fig. 1c). Therefore, we confirm the existence of the water mirror effect, and its role in enhancing the 

capability of NIR spectroscopy to sense lower concentrations of the hydrated analyte that it otherwise would be 

impossible without the vibrational cooperative effect between the analyte and the surrounding water molecules. 
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Figure 1. Cooperative effect in carbohydrate-water system (a) NIR spectra of carbohydrates in 

aqueous solution (top-5 mg/mL; bottom-20 mg/mL). (b) PCA plots (PC1 vs. PC2) presenting the 

corresponding discrimination performance. (c) Simulated spectra of the carbohydrate-hydration shell 

systems; pure vibrations of hydration shell (h.s.); pure vibrations of carbohydrate (c.); cooperative 

vibrations of carbohydrate and hydration shell (coop.). 
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Introduction 

Dissolved ions interact with the water molecules surrounding them and thereby influence the (vibrational) 

motion of the water molecules. This can be detected as changes in the absorption spectrum of the water. These 

changes can also be seen in the overtones of the vibrational spectrum between 900nm and 1400nm. The changes 

are characteristic for different ions and can therefore be used to identify ionic content. The 900-1400nm window 

is a practical window that allows for the use of integrated optofluidic chips. However, the signals are quite weak 

at the overtones so that detection requires extensive control and very careful calibration.  

In 2018 we characterized the influence of different salts on the vibrational overtones of the water spectrum [1] 

(see figure 1). We demonstrated that different salts have a different influence on the water spectrum so that the 

change in the water spectrum can be used to identify the salt. We used this knowledge to design optofluidic 

chips for the detection of the salts [2] and to further explore the identification of mixtures [3]. 

 

To quantify the effect of the salts on the water spectrum, the spectrum itself can be modeled using 4 Gaussian 

curves (each with a position, width and amplitude) and quantifying the changes to these curves that the salts 

induce to these 12 parameters. Each salt then represents a position in a 12-dimensional space. Additional 

information can be found when the temperature dependence of the effects is included. Disentangling mixtures 

of salts can be done by attempting to fit a measured spectrum by a combination of vectors and the temperature 

effect can be included for additional discrimination. We found that the influence of different salts on the water 

spectrum shows that the different salts influence each other but that this influence decreases with increasing 

temperature. 

Materials and Methods  

Transmission spectra were measured using Hellma cuvettes and a Shimadzu transmission-based spectrograph 

with a spectral resolution of 1 nm. The temperature of the light source was stabilized for one hour after which 

baseline spectra were recorded with the sample and reference cuvettes filled with 3 mL of demineralized water, 

both placed inside temperature-controlled holders set to 298.1 K. Five concentrations of aqueous electrolytes 

were prepared by serial dilution. The first one was made by replacing half of the demineralized water with 1.5 

mL of 1 M stock solution, using a calibrated pipette. Subsequent concentrations were obtained by replacing half 

of the solution by demineralized water. The samples were allowed to thermally equilibrate and then measured. 

Stock solutions were prepared using commercial salts (Sigma-Aldrich), validated by chromatography and stored 

at 4°C in amber glass bottles. The effect of temperature on pure water was measured separately by raising the 

temperature in the sample arm, keeping the temperature in the reference arm constant. 

Results 

Figure 1 shows the absorption spectrum of water between 900nm and 1400nm and the (small) effect of 0.5M 

NaNO2. The differential absorption is converted to a differential absorbance and a deviation. Figure 1 also 

shows the differential absorbance for a full set of salts demonstrating their differences.  
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Figure 1. Left) A, Absorbance spectrum of demineralized water (blue circle) and _0.5_1 M NaNO2 

dissolved in demineralized water (black square). B, Difference absorbance spectra of demineralized 

water and aqueous NaNO2, showing the effect of the dissolved salt at different concentration. C, A 

different representation of the effect of _0.5_1 M, _0.5_2 M, _0.5_3 M, _0.5_4 M, and _0.5_5 M dissolved 

salt: five 2D plots are stacked on top of each other with color coded absorbance difference. D, 

Multiplication of the difference absorbance spectra shown in C with the dilution factor of the 

electrolyte shows a deviation from the expected Beer–Lambert law, concentrations given in powers 

of (0.5). Right) 150 stacked 2D plots of the differential absorbance spectra for 30 salts tested at five 

different concentrations and a constant temperature of 298.15 _ 0.3 K. Deviations from Beer–Lambert 

law were observed even if the data is corrected using the dilution factor   

 

The full absorption profile for demineralized water was characterized using four Gaussians (each with a center 

wavelength, a width and a relative amplitude). The twelve parameters create a 12-dimensional vector. After the 

salts are added the changes to the four parameters define a change in the 12D space that characterizes the 

differential absorption, that is particular to that salt. Once the characteristic differential absorption has been 

established, the effect of temperature on this differential absorption can be measured by changing the 

temperature. When we measured mixtures of salts it became clear that the (effect of the) salts (on the water 

vibration) interact, especially at higher concentrations, making it harder to disentangle a mixture. When we also 

measure the temperature dependence of the mixture this can be used to aid in the identification of the 

constituents. 

Conclusions 

We have characterized the changes in the water absorption in the 900-1400nm region (overtones of the water 

vibration) due to the presence of ions. We have looked at individual salts, their concentration and temperature 

dependence and at mixtures and their temperature dependence. 
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Introduction 

Sepsis is unobtrusive and one of the prominent causes of death around the world. The most recent spike in the 

cases is seen during the global pandemic happening right now because of COVID-19, where more than 2M 

deaths have been reported as in January 2021 [1]. Hence, there is a need for technology with the capability to 

continuously monitoring patients in intensive care and identify the onset of sepsis, which will enable clinicians 

to plan an optimum treatment strategy. According to the guidelines set by Surviving Sepsis Campaign in 2018, 

lactate levels in blood can serve as an early indication for the inception of sepsis and can be considered as a 

primary biomarker for the diagnosis of sepsis [2]. Therefore, there is an urgent need for a disruptive technology 

which can offer rapid, continuous, and non-invasive measurements of lactate in critical care environments. 

Hence, the motivation of this study was to establish Near Infrared (NIR) Spectroscopy as a possible alternative 

to existing methods and be used for non- invasive continuous monitoring of lactate. However, the dominant 

absorption of -OH overtone bands in the NIR poses a major challenge and complicates the accurate detection 

of lactate in this region for some aqueous systems. For this reason, comprehensive analysis of the -OH overtone 

bands with systematic lactate concentration changes in two different media has been investigated in this study. 

  

Materials and Methods 

The studies were conducted using state-of-the-art bench top spectrometers, for varying concentrations of lactate 

in different media (phosphate buffer saline (PBS) and whole blood) for in-vitro measurements. The spectra 

were collected using a Lambda 1050 (Perkin Elmer Corp, Massachusetts, USA) from 1200-1600 nm using an 

InGaAs detector for PBS samples and a 100 mm integrating sphere detector for whole blood samples. 

Preprocessing was performed in Matlab 2019b software (Mathworks, Massachusetts, United States). for both 

sets by spectral subtraction, Savitzky-Golay algorithm (Polynomial Order: 2, Derivative: 2 and Window Length: 

71 for PBS and for whole blood samples) and Mean Scatter Correction. 

 

Results 

The work, thus far, reports on the analysis of NIR spectra of two aqueous systems of varying concentrations of 

lactate in saline and whole blood using the principles of Aquaphotomics. The results, as shown in Figure 1, 

show distinctive conformational and structural differences in lactate-water binding for both the aqueous systems 

[3]. The differences of the bonds could be manifested while predicting the concentrations of lactate, by 

multivariate analysis method, Partial Least Square, in both the aqueous systems, separately, as shown in Figure 

2. 
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Figure 1. Aquagrams for aqueous systems of systemic variations in lactate: (a) in PBS; (b) in whole blood. 

 

 

 

Figure 2. Concentration predictions of lactate: (a) in PBS (R2 =0.80); (b) in whole blood (R2 =0.28) 

 

Conclusions  

The research so far has comprehensively investigated the prominent Near Infrared (NIR) first OH overtone for 

systemic lactate concentrations in two aqueous media, namely saline and whole blood. This was performed to 

estimate the concentrations of lactate in-directly. It was found that there exist fewer lactate-OH molecular 

interactions in the PBS aqueous system, which activated lower wavelengths 1398-1418 nm in the Aquagram, 

(Figure 1 (a)). This was hence, affected by the concentration of the solute and could be determined with higher 

accuracy, with R2 of 0.80 (Figure 2 (a)). However, as shown in Figure 1 (b) and 2 (b), for the whole blood 

aqueous system, this was in fact the very opposite, with 1506-1516 nm wavelength activation and R2 of 0.28. 

Results from this study will assist in estimating lactate concentrations indirectly and to separate the presence of 

lactate in different media, which would be very crucial for in-vivo studies. 
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Abstract 

 
The consideration of water as a structural component gives biological membranes specific thermodynamic 

properties that explain its responsive behavior when chased by physical and chemical perturbations. These 

properties are derived from the peculiar surface tension of pure water and its variation due to the presence of 

hydrogen bonds arrangements between water and membrane components that determine a complex surface free 

energy profile. 

 

In this regard, the intensive properties that act as driving forces are, at constant temperature, the surface pressure 

(surface tension) and the osmotic gradient (water chemical potential), which produce changes in its conjugated 

extensive properties such as membrane area and water content, respectively. 

 

The formalism based on thermodynamics of irreversible processes (TIP) also allows to considered water –lipid 

and lipid-water friction to account for the exchange of water between the interphase and the bulk. Following 

this approach, the behavior of surface pressure vs. area per lipid isotherms are satisfactorily reproduced. 

 

In addition, this formalism can also be applied to lipid vesicles subjected to an osmotic unbalance between the 

inner and the outer compartments. The water volume flux produces concomitant membrane expansion or 

compression and the same reasoning is applied. 

 

This new approach for lipid membranes on thermodynamic grounds allows to overcome classical paradigms in 

the description of membrane structure and to compare the equivalence between lipid monolayers and bilayers 

as model systems. 
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Introduction 

The ability of near infrared spectroscopy to inform about the vibrations of the covalent O-H, by means of the 

first overtone of water around 1450/55 nm, was exploited to examine the water in membranes and the influence 

of the constitutive phospholipids on hydrogen bonding. The less the number and/or the strength of H-bonds, the 

more the strength of the O-H bonds and so they vibrate and absorbs radiation at higher frequencies. This shift 

is employed to evaluate the water status in membranes composed of two phospholipids having the same acyl 

chain but different polar head, the part of the molecule typically associated in the interaction with water. 

Materials and Methods  

Membrane production: solvent from phospholipids solution was removed with nitrogen flux while rotating the 

container, in order to obtain a thin film. MiliQ water was next added, vortexing and sonicating to form the 

vesicles, working at temperatures higher than the highest transition temperature of the lipids. NIR spectra and 

analysis: absorbance of the suspensions was registered in the 1100-2300 nm interval, between 13-58 °C every 

5°C. Principal Components Analysis was employed to disclose the spectral changes [1]. 

Results 

Figure 1 shows the sixty spectra, quite overlapped and unfeasible to discriminate according to phospholipid 

(DMPA or DMPC) or concentration (250 or 500 µM). Only the effect of temperature can be barely advised in 

some regions (shown by arrows). The localization of the first overtone of water (1450/55 nm) matches with 

previous reports [2-4]. The isosbestic region at 1425-1430 nm, is not far from the 1440-1442 nm reported by 

[5] and 1446 nm reported by [4] for pure water. 

 

 

Figure 1. The sixty NIR spectra includes: two water control samples (Milli-Q), a sample of DMPA (1,2-

dimyristoyl-sn-glycero-3-phosphate) and a sample of DMPC (1,2-dimyristoyl-sn-glycero-3-

phosphocholine) at two concentrations (250 and 500 μM). All samples measured at ten temperatures 

(every 5°C in the 13-58 °C interval).  
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The simultaneous analysis of scores (Figure 2, left) and loadings (Figure 2, right) discloses useful information. 

Scores along PC1 capture the effect of temperature on the hydrogen bonding, whereas scores on PC2 capture 

the effect of phospholipids. By far, temperature in the assayed range is the dominating affecting factor (PC1 ≈ 

97 %). As temperature increases, the differences in the effect of phospholipids become smaller, as series become 

closer at the highest temperatures. 

Loadings reveal that increasing temperatures and the presence of phospholipids (particularly DMPC) weaken 

water H-bonds, as the O-H vibration band (first overtone) shift to higher frequencies, i.e. higher energy. As 

temperature increase, the absorbance increases at shorter (1391 nm) and it decreases at longer (1546 nm) 

wavelengths of the water band. To a lesser extent, phospholipids cause similar changes around 1385 and 1494 

nm, respectively.  

 

 

Figure 2. Output of the PCA, considering the first two PCs. Left panel: scores, where the connecting 

lines denote the evolution of samples with temperature, increasing from right to left every 5°C, as 

indicated by the arrow. Right panel: loadings plotted against the original variables. 

Conclusions 

As occurs with increasing temperature, DMPA and DMPC disrupt H-bonding in membranes, and the effect 

increases with the concentration. 

Having identical acyl chain (myristoyl), the absence of OH in the polar head of DMPC may explain why it has 

a stronger disrupting effect on H-bonds than DMPA (OH acts as a H-bond donor). 
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Introduction 

Hyaluronic acid (HA) is a natural polysaccharide and one of the main components of the extracellular matrix. 

It is widely distributed in various tissues and organs of animals as well as the capsules of some bacteria, and 

plays a significant role in life process. Due to its high water retaining capacity, biocompatibility and non-

immunogenicity, HA is an attractive material for various cosmetic, food and medical applications. Analysis of 

the hydration water in aqueous solution is challenging, and the structural changes in water induced by HA are 

yet to be fully understood. Near-infrared (NIR) spectroscopy, as a powerful analytical method, has unique 

advantages in studies of molecular structure and interaction. The proposal of Aquaphotomics provides a Venus-

like foundation for studying the structure of water. The purpose of this study is to continue and extend the 

research on the hydration behaviors of HA, but particular attention is paid on investigating the water structure 

changes induced by HA. NIR spectra of water and aqueous HA solutions with a range of concentration were 

measured at different temperatures. Principal component analysis (PCA) was conducted on the spectra data to 

extract the information of different water species. Aquaphotomics was employed to analyze the effect of HA 

on water structure. 

Materials and Methods  

HA was provided by Bloomage Biotechnology (Jinan, China) with Mw of 7775 Da. Continuous concentration 

of HA solutions (1 mg/mL, 5 mg/mL and 10–100 mg/mL with a step of 10 mg/mL) were prepared. 

All NIR spectra were recorded using Antaris II FT-NIR spectrometer (ThermoFisher scientific Inc., American) 

equipped with a 1 mm cuvette, tungsten-halogen light source, and InGaAs detector. The spectral range is from 

10000 to 4000 cm−1 and the spectra are digitalized with 4 cm−1 intervals in Fourier transform. The temperature-

dependent spectra of water and HA solutions were collected between 25 °C and 55 °C with 5 °C interval.  

Spectra were imported into Matlab R2015a (The Math Works Inc., Natick, MA, USA), which was used for data 

transformation and processing. PCA was performed on spectral data of HA aqueous solution to extract 

information related to water changes and the reconstructed spectra were calculated accordingly. Then, a radar 

chart named aquagram was established to visualize water spectral pattern at different concentrations. 
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Results 

 
Figure 1. Concentration dependency of water spectral changes depicted by aquagram patterns at 25 °C. 

 
Figure 2. Intensity variation of different water species with different HA concentrations at 25 °C (a) for C1-C8 

and (b) for C9-C12. 

 
Figure 3. Temperature dependency of water spectral changes depicted by aquagram patterns in 100 mg/mL HA 

aqueous solution. 

 
Figure 4. Variation of the peak intensity of S0 (a), S1 (b) and S2 (c) in the reconstructed spectra of water and HA 

solution (100 mg/mL) with temperature. The solid lines were obtained by linear fitting. 

Conclusions 

The study found that HA acted as a structure maker to make water structure ordered in aqueous solutions and 

different water network was promoted at different HA concentrations. Meanwhile, HA had the function of 

improving the thermal stability of water structures. The results provide new information of HA hydration and 

possibly shed more light on the function of water in bio-systems. 
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Introduction 

Carbohydrate is one of the most important materials in living organisms, and especially glucose is widely used 

in energy storing, cell structure and molecular recognition. Hexose like glucose has streochemical isomer, 

termed anomers, in aqueous solution and equilibrated glucose solution contains β-D-Glucose (~62%) and α-D-

Glucose (~38%) (Figure 1). The stability of each anomer in solution is determined depending on hydrogen 

bonding with water molecules and is different from that in gas or crystal. In this study, to elucidate the difference 

of the water structure around each glucose anomer, we analyzed the near-infrared spectra of both glucose 

anomers using deuterium oxide and four glucose isotopes. 

Materials and Methods  

Sample α-D-glucose (purity > 96%, powder), D-glucose-1-d1 (purity > 99%, D enrichment >98%, powder), D-

glucose-6,6-d2 (purity > 99%, D enrichment > 98%, powder), D-glucose-1-13C (purity > 99%, 13C enrichment 

> 99% powder), and D-glucose-1,2,3,4,5,6,6-d7 (purity > 99%, D enrichment > 97%, powder) were purchased 

from Sigma-Aldrich (St. Louis, MO, USA), and β-D-glucose (purity > 98%, powder) was purchased from 

Cayman Chemical (Ann Arbor, MI, USA). 200 mM sugar solution was prepared just before measurement. 

Spectral acquisition A NIR spectrophotometer MPA (Bruker Optics, Ettlingen, Germany) was used for spectral 

acquisition. The NIR spectra were measured with cuvettes in the wavelength region of 12,000 cm-1 (833 nm) to 

4,000 cm-1 (2500 nm) with 8 cm-1 intervals. A polarimeter RePo-5 (Atago, Tokyo, Japan) was used to acquire 

the optical rotation. 

Data analysis Data analysis was performed with Pirouette software (Infometrix, Bothell, WA, USA). Spectral 

pretreatments of smoothing and first derivative were applied. Principal component analysis (PCA) and partial 

least squares (PLS) regression was performed.  

Results 

NIR spectra of α-D-Glucose and β-D-Glucose solution showed obvious difference and the difference in C-H 

region has a concentration dependency. On the PLS regression analysis with optical rotation, a linear regression 

model with a high accuracy was developed using near-infrared spectral data, and absorbance at 1,742 nm 

showed highest peak in regression vector (Figure 2). Moreover, absorbance at 1,742 nm had a strong correlation 

with the optical rotation after normalization for spectra, suggesting this absorbance reflects the structure of 

anomers and is useful for quantification of glucose anomers. To analyze the spectra more detail, we used 

deuterium oxide as solvent and four glucose isotopes as solute (Figure 3). Consequently, we found that 

difference spectra of glucose anomers in the region of 1,682–1,823 nm contains two glucose bands and a solvent 

water band. The two glucose bands are considered to originate from an exocyclic hydroxymethyl CH2 group 

and a CH group on the C1 carbon.  
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Conclusions 

In this study, detail of the spectra of glucose aqueous solution by using specific rotation, deuterium oxide and 

glucose isomers.  

 

References 
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Figure 1. Glucose anomers 
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Despite the recent coronavirus pandemic, several interesting papers on liquid water at ambient and deeply 

supercooled temperatures as studied by X-ray techniques have been published.  A recent spectroscopic study 

has provided evidence, based on a combination of X-ray Absorption, X-ray Emission and resonant inelastic X-

ray scattering that water is fully consistent with a continuous model of water.  Seemingly contradictorily, 

scattering data of deeply supercooled water showed maximum values in thermodynamic response and 

correlation functions, implying a phase transition in liquid water.  This was then complemented by ultrafast 

melting of amorphous ice, which showed two distinct timescales and crystallization, suggesting a liquid-liquid 

phase transition. We will attempt to explain these seemingly contradictory results and propose new experiments 

which could sort out these results. 

 

Keywords: X-ray Diffraction, Resonant Inelastic X-ray Scattering 

 

Introduction 

Recently, there have been tremendous improvements in X-ray spectrometers and X-ray sources. The 

improvement in spectroscopic methods has been employed by the group of Alexander Föhlisch using a variety 

of techniques to try to understand the structure of liquid water and supporting it as a continuous 

model.(Niskanen et al. 2019)  The group of Anders Nilsson recently used XFELs to show anomalous properties 

of supercooled water which appear to support a liquid-liquid phase transition in the deeply supercooled regime 

in two different ways.  First his group examined the thermodynamics of deeply supercooled liquid water 

droplets (Kim et al. 2017) and subsequently they used an ultrafast laser pulse to heat amorphous ice (Kim et al. 

2020).  These papers, their implications and possible follow up studies will be discussed. 

Materials and Methods  

The measurements detailed here were taken using standard X-ray techniques at a synchrotron (spectroscopy 

measurements) and X-ray free electron lasers (scattering measurements).  Temperature was controlled in the X-

ray free electron laser measurements by either evaporatively cooling droplets or by heating the amorphous solid 

with an ultrafast laser pulse. 

Results 

Based on a series of X-ray spectroscopy results, (X-ray absorption, X-ray emission, resonant inelastic X-ray 

scattering(RIXS)), Alexander Föhlisch and coworkers found water at ambient conditions to be entirely 

consistent with a single distribution of water molecules.(Niskanen et al. 2019)  For instance, as shown in Figure 

1 the RIXS data can be fit with a single distribution.  In contrast, recent results by Nilsson (Kim et al. 2017, 

2020)and coworkers have shown properties that are better explained by a two-state model of water, including 

maxima in thermodynamic properties.  This is shown in Figure 2. This is further complemented by a recent 

study from the same group where they laser heated amorphous ice, and the ice went through a short-lived 

metastable intermediate before crystallizing, strongly supporting a liquid-liquid phase transition.  The 

differences in these two studies will be discussed.  



 

- 77 - 

 

 

Figure 1. Resonant inelastic X-ray scattering data from gas phase and ambient liquid water.  Both can 

be fit with a single morse potential, providing evidence for a single continuous distribution of water.  

From (Niskanen et al. 2019) 

 

Figure 2. Compressibility of liquid water as a function of pressure difference from the believed liquid-

liquid critical point.  Significantly, it shows a maximum value, providing evidence for a two-state 

model of water being necessary.  From (Kim et al. 2017)  

Conclusions 

These recent X-ray studies provide seemingly contradictory results about the nature of liquid water.  While 

these studies did occur at significantly different temperatures and conditions, it does pose a challenge for our 

understanding of liquid water.  If there are two states of water, particularly at supercooled temperatures, it 

should be possible, at least in principle to determine what this second state of water would be.  Some possible 

method will be briefly discussed. 
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Concentration-dependence of binary liquid mixtures using water and aprotic organic solvents such as 

acetonitrile (MeCN) was investigated by means of near-infrared (NIR) spectroscopy. A higher wavenumber 

contribution in the first overtone of the O-H stretching arising from water was observed by adding MeCN, while 

a lower wavenumber contribution by pyridine (Py). These results will be discussed in detail.  

 

Keywords: multivariate curve resolution (MCR), partial molal volume, donor number 

 

Introduction 

Fundamental and overtones of the O-H stretching vibration of molecules which containing hydroxy group in 

the structure are known to be sensitive to hydrogen-bonds structures via the hydroxy groups. Hydrogen-bonds 

structures in water have also been discussed based on vibrational spectroscopy such as infrared spectroscopy, 

Raman scattering spectroscopy and near-infrared (NIR) spectroscopy.1,2 In the present study, hydrogen-bonds 

structures of binary liquid mixtures using water and aprotic organic solvents, e.g., acetonitrile (MeCN), were 

investigated by means of NIR spectroscopy.  

Materials and Methods  

Two independent solvents were mixed and pumped by a liquid chromatograph (LC) having a gradient mixer. 

The mixed sample was sent to a flow cell in a NIR spectrometer. A mixing ratio of the binary liquid mixture 

was controlled as a function of time by the LC-NIR system. Concentration-dependent NIR spectra were 

collected automatically at a constant time interval. A mole fraction of water in the mixture  was checked and 

calculated by mass of the mixture. The density of the mixture was independently measured by a pycnometer 

after the spectroscopic observations.  

Results 

Figure 1 shows concentration-dependent NIR spectra of binary liquid mixtures of MeCN + water in the first 

overtone region of the O-H stretching. Red and blue lines in the figure represent NIR spectra of neat MeCN ( 

= 0) and neat water ( = 1), respectively. Gradual increase of the signal in the region as a function of water 

content  shows change in the spectral waveform. This spectral waveform variation was analyzed based on 

multivariate curve resolution (MCR) and at least two independent components were identified by the analysis. 

A higher wavenumber contribution was observed by adding MeCN, while a lower wavenumber contribution 

by pyridine (Py).  



 

- 79 - 

 

 

Figure 1. Concentration-dependent NIR spectra of binary liquid mixtures of acetonitrile and water. 

Red and blue lines represent neat acetonitrile (f = 0) and neat water (f = 1), respectively. 

 

Conclusions 

Spectral waveform variations in the first overtone of the O-H stretching region were observed by adding aprotic 

organic solvents to water.  
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Introduction 

Biochemical processes are inherently built on molecular fluctuations, bathed in the flexible and dynamic 

hydrogen bond (HB) network of liquid water. It is well known that at least a single layer of water molecules 

surrounding the protein surface yields the biological functionality of proteins, and dehydrated enzymes lose 

their activity. In fact, the rigidity of the water HB networks correlates with the flexibility of the protein side-

chains that are directly related to the protein activity. However, even when hydrated, protein turns to a glassy-

like state and as such its biological functions are suppressed below −70°C. This fragile-to-strong dynamical 

transition arises from the interplay with hydration water in the vicinity of the protein surface, because reduced 

water mobility in turn inhibits protein side-chain motions. At high temperatures, the second dynamical transition 

commonly referred to as the thermal denaturation, is observed. Unlike the first transition at low temperatures, 

the second transition lets the protein to unfold its conformation irreversibly but how hydration water is engaged 

in this process is not yet fully understood. In this study, we aimed to quantitatively characterize the number of 

hydration water upon thermal denaturation of human serum albumin (HSA), based on a state-of-art CMOS 

dielectric sensor operating at 65 GHz. 

Materials and Methods  

The CMOS dielectric sensor embedding 65 GHz LC resonator structures, manufactured by Sharp Corporation, 

was used in this study. Because the electric field is localized within several dozens of micrometers from the 

chip surface, each resonator feels the effective capacitance 𝐶eff  that includes the contribution from the 

passivation layer and the sample placed on it. Assuming a dielectric sample with a complex dielectric constant 

at 65 GHz resting upon the resonator, the LC oscillation frequency 𝑓 is consequently described as 

 

𝑓 =
1

2𝜋√𝐿0𝐶eff

= [2𝜋√𝐿0 {𝐶0 + 𝐶1

𝐶1𝐶2 + 𝐶2
2 + 𝐺2

2

(𝐶1 + 𝐶2)2 + 𝐺2
2 }]

−1

 (1) 

 

where, 𝐶2 = 𝐶휀′and 𝐺2 = 𝐶휀" (𝐶: constant) are the capacitance and conductance of the sample, respectively 

[1]. Eqn. (1) indicates that 𝑓 undergoes a low-frequency shift in the presence of the sample, demonstrating the 

potential of this sensor as a quantitative index to estimate the complex dielectric constant of the sample at 65 

GHz. The rear surface of the sensor was attached to a Peltier control unit so as to vary the sample temperature 

from 25°C to ~ 80°C, at nearly regular intervals, in a stepwise manner and then similarly reversed to 25°C, with 

the aim of examining the temperature dependence of 𝑓. 

Results and Discussions 

As presented in Fig. 1(a), ∆𝑓(𝑇) = 𝑓BKG(𝑇) − 𝑓(𝑇) (where, 𝑓BKG is the oscillation frequency without a sample) 

of pure water undergoes a monotonous upshift with temperature, and the reversed route is perfectly followed 

when cooling. In contrast, the 10 wt% HSA solution heated up to ~ 80°C obviously exhibits hysteresis behavior, 

showing smaller ∆𝑓(𝑇)  in the recovery process (open circles) compared with that in the forward (closed 
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circles). The measured frequency shifts ∆𝑓(𝑇) of pure water and the HSA solution at each temperature were 

then converted to the bulk water ratio based on our novel algorithm, and finally, the hydration number 𝑁hyd 

was determined. As summarized in Fig. 1(b), 𝑁hyd monotonously increases as raising temperature with a huge 

jump at around 55°C where the helical-rich secondary structure of HSA starts to fall apart. The rapid rise in 

𝑁hyd perfectly in phase with replacement of α-helices with water-exposed extended chains clearly declares that 

hydration to exposed backbone and side-chains is responsible for the increased 𝑁hyd when a globular HSA 

moves to a thermally denatured form. In other words, the increased amount of hydration water should be the 

result of protein unfolding. Meanwhile, Mallamace and his co-workers experimentally revealed that subtle 

enhancement of hydration water mobility due to weakened HBs at high temperatures lets protein to unfold, due 

to conformational flexibility of backbone and side-chains [2]. These complementary evidences lead to the 

conclusion that the loosened hydration shell upon heating triggers thermal denaturation by increasing 

conformational entropy of protein, and the hydration number 𝑁hyd is increased as a consequence. Nevertheless, 

the highly stable hydration shell consisting of a minimum quantity of water molecules around native protein is 

disappeared and becomes more unstable upon thermal denaturation, owing to less restricted exposed backbone 

and side-chains. 

The slight increase in 𝑁hyd below 55°C may have its roots in the overall expansion involving growth of solvent-

accessible surface area (SASA) while keeping the native secondary structures. With regard to the recovery 

process from ~ 80°C to 25°C, the downward trend in 𝑁hyd via a different path from the heating process is 

undoubtedly ascribed to irreversible thermal denaturation. This is not the case with reversible unfolding by 

heating up to 45°C, where the hydration number traces its forward path. In the recovery process, the constant 

hydration number around 3700 turned to decline with 𝑇 ≈ 55°C as a boundary, at the similar rate to that in the 

forward process. Since the secondary structure content is kept at constant values in this temperature range, the 

observed decrease of 𝑁hyd  may be attributed to reduction in SASA without restoring the native secondary 

structure. 

 

 

Figure 1. (a) Temperature dependence of the frequency shift ∆𝑓(𝑇) of pure water and the 10 wt% HSA 

aqueous solution when the sample temperature shifts step-by-step up to nearly 80°C. Closed and 

open symbols represent the heating and cooling processes, respectively. (b) Derived hydration 

number as a function of temperature, 𝑁hyd(𝑇), of the 10 wt% HSA aqueous solution.  
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This work was aimed to provide a rapid and nondestructive imaging method for visualizing the dynamic state 

of free, hydrogen-bonded water with lignocellulosic material. Near-infrared (NIR) spectral images in the 

wavelength range 1002–1847 nm was firstly used to visualize the distributions of moisture content (MC) over 

the surface of Japanese cedar by partial least square regression. Then, principal component analysis and curve 

fitting methods were utilized to explore the changes in water-wood structure characteristics based on peak shifts 

to longer wavelength in spectral signals caused by increasing MC. The experimental results were clear showing 

that the earlywood regions have higher MCs in the initial stage of drying, but their free water evaporates more 

rapidly than that in other regions. Furthermore, the edge of the samples dried most rapidly into strongly bonded 

water. It is concluded that NIR hyperspectral imaging has the potential to be a complementary methodology for 

studying the transient changes of wood-water interactions. 

Keywords: Lignocellulose, air drying, dynamics state of free and hydrogen-bonded water, near-infrared 

hyperspectral imaging, principal component analysis 

Introduction 

Wood is a natural hygroscopic material able to exchange water molecules with its surrounding environments. 

Water in wood is generally classified as free and bound water (where hydrogen bonds with the cell walls of 

wood). The latter has profound effects on the properties of wood, causing it to shrink, swell, and crack[1]. 

Monitoring the dynamic state of water molecular structure in wood is challenging, but important both for 

theoretical studies and industrial applications. Near-infrared (NIR; wavelength range: 800–2500 nm) 

spectroscopy is a proven method for evaluating simple water content by mass and effectively determining 

its molecular dynamics, since vibrational NIR spectra contain information about the light absorbance of 

oxygen and hydrogen (O–H) structures in the analyzed samples[2]. However, conventional NIR 

spectrometry based on point measurement is not suitable for spatially resolved relaxation analysis. NIR 

hyperspectral imaging (HSI) is an appropriate technique for capturing a large number of images at different 

wavelengths and provides a spectrum at each pixel, thus enabling comprehensive evaluation across the entire 

sample surface. This study aims to visualize the dynamics of free and hydrogen-bonded water in three typical 

wood samples which have fundamental differences among their anatomical structures.  

Materials and Methods  

Twelve samples [5 mm (longitudinal) × 12 mm (tangential) × 24 mm (radial)] were cut from wood blocks of 

Japanese cedar (Cryptomeria japonica), beech (Fagus sylvatica), and Manchurian ash (Fraxinus mandshurica). 

In order to prepare the wood in a water-saturated state, all samples were immersed in distilled water under 

vacuum state for 12 h. Then, the wood samples were dried at ambient temperature (25 °C), and their weights 

were determined before and after the collection of hyperspectral images. After 12 cycles, the samples were 

weighed after being dried for 24 h at 103 °C. In total, 144 data sets (12 samples in 12 cycles) were collected 

from each type of wood in order to build its MC calibration model. Following the weight measurement, NIR 

hyperspectral diffuse reflectance images were acquired from the radial surface of each sample using a push-

broom line scanning system (Compovision, Sumitomo Electric Industries, Ltd., Osaka, Japan). The camera 

possesses a spectroscope and a two-dimensional photosensitive element capable of receiving NIR light from 

1002 to 2350 nm at a spectral resolution of approximately 6.2 nm. In this study, wavelengths in the region 

1002–1847 nm were selected for the purpose All collected spectral images of the wood samples were then 

converted to relative reflectance values for further PLS regression analysis. Standard normal variate (SNV) 

spectral pretreatments were firstly used to correct for the baseline offset and enhance absorption characteristics. 



 

- 83 - 

 

Then, the spectral data was mean centered for further partial least square (PLS) regression analysis. Principal 

component analysis (PCA) has been utilized in the visualization of free and bound water distributions because 

it is a useful tool for characterizing spectral data variance and dimension reduction. The O-H band at the almost 

totally dried areas subtracted from various MC levels is expected to achieve a good signal difference.  

Results 

 

Figure 1. (a) Difference spectra of Beech wood sample; (c) Loading plots of PCA analysis; (d) Mapping 

of the relative variation of free and bound water distribution during air drying. 

 

Figure1 (a) shows the difference spectra of Beech for wavelengths between 1340 and 1610 nm after baseline 

correlation. Figure 1 (b) shows the PC1 and PC2 loading plots, the contribution rate to the spectral variation of 

PC1 and PC2 of which were approximately 99% and 0.2%, respectively. PC1 loading and difference spectra 

have similar shapes. This means that PC1 loading mainly correlates with simple water content by mass in the 

wood samples, whereas PC2 loading suggests more detailed water–wood interactions. The combination of PC1 

and PC2 scores explores the relative variation of free and bound water distribution during air drying (Figure1 

(c)). The edge of the samples dried most rapidly into strongly bonded water[3].  

 

Conclusions 

This study proposes a nondestructive, rapid, high spatial resolution (62.5 um/pixel) method for monitoring of 

dynamic state of water structure within lignocellulosic material by the NIR-HSI technique. PCA was used to 

characterize the baseline corrected NIR difference spectral data variance between 1340 and 1610 nm for 

showing the distribution changing from free to bound water during air drying in three typical wood samples 

that have fundamental differences in the anatomical structure.  
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Carambola fruit is well known for its attractive star-shape and pleasant taste. It is composed of up to 91% of 

water and is classified into index 1 to index 7 according to its maturity level.  This study investigates the 

feasibility of near-infrared spectroscopy related to aquaphotomics in the quality measurement of B10 Averrhoa 

carambola. The spectra measurement is conducted using the interactance method towards fifty samples of 

carambola of different maturity levels. The value of firmness, pH, and SSC of respective samples were 

determined. The NIRS measurement performed were in the wavelength range of 800-1100nm using a Jaz 

Spectrometer (Ocean Optics Inc., Dunedin, FL, USA). The aquagram coefficient and correlation coefficient 

were calculated and constructed. The wavelengths in the range of 970 nm and 975 nm are found to provide 

information on the SSC, pH, and firmness of the carambola. 

Keywords: Carambola, Vis-NIR spectroscopy, aquaphotomics 

 

Introduction 

The near-infrared (NIR) range provide an ideal circumstance for aquaphotomics under various perturbations. 

The characteristic of NIR light that has a high penetration rate and does not fully absorb by the water allows the 

remaining light that interacts with the matter and energy to be measured. Moreover, the NIR spectra provide 

physical information such as scattering, and this region consist of two broad peaks known as the first and second 

overtones [1]. The methodology in this paper discussed the absorbance bands of carambola fruits under various 

perturbations. A fresh carambola is mainly composed of up to 91% of water and is usually harvested at the color 

break (one-quarter yellow) stage [2]. The changes in the color of the peel in fruits had been used as an indicator 

of desirable characteristics in fruit quality grading. Moreover, the color of the peel could provide information 

on the firmness, pH, as well as soluble solid contents in the fruits [3-5]. Thus, this paper assesses the use of 

water absorbance in the near-infrared spectrum corresponding to different perturbations such as soluble solid 

contents (SSC), acidity (pH), and firmness.  

Materials and Methods  

The fruit sample used in this experiment is the premium quality B10 Arrvohea carambola L. (starfruit) 

contributed by the Malaysian Federal Agricultural Marketing Authority (FAMA). In this study, fifty carambola 

samples from different grading index are being chosen. Based on the color features, the maturity index is 

classified into 1-7 standard indexes [6]. The weight, pH, SSC, and firmness of the respective fruits are being 

measured. Next, the interactance technique had been performed by using a Jaz Spectrometer to measure the 

NIR spectra. Data analysis was executed using Matlab R2019b and Excel. 

Results 

The mean value of SSC, pH, and firmness calculated for each index shows that as carambola ripen, the fruit is 

less firm, and the value of pH and SSC increases. Figure 1 shows the absorbance spectra of the carambola after 

pre-processing and smoothing spline. The local quadratic regression using second-degree polynomial is 

performed. The absorbance spectra of the carambola show a water absorbance curve and a distinctive bottom 

peak lies in the wavelength range of 950 nm to 1000 nm. 
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(a)   (b)  

Figure 1. absorbance spectra of the carambola after pre-processing and smoothing spline (a) Mean 

absorbance; (b) Absorbance spectra after local quadratic regression smoothing 

The aquagram constructed using spectral data information of carambola is illustrated in Figure 2. All 7 indexes 

showed a uniform pattern in the wavelength of 800.34 nm to 1050.02 nm. The smallest value of aquagram can 

be observed at approximately 825 nm in carambola of index 6 and the highest value of aquagram can be 

observed at approximately 850 nm in carambola index 2.  

 

Figure 3. Aquagram values according to carambola index 

 

Conclusions 

The results interpret that firmness has a larger absolute value, which shows a stronger relationship with the 

aquagram values. The relationship between aquagram values and correlation coefficient explains that water can 

be used indirectly to measure other components such as SSC, pH, and firmness. Future research in the spectral 

analysis technique could be done in various types of fruit samples to observe the differences in the absorbance 

pattern. 
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Introduction 

Post-dispersive spectroscopy can be used for flowing, continuous water measurement. Running with fixed speed 

water in flow water cuvette cells was continuously measured by NIR spectrophotometer, which enabled us to 

conduct real-time, high precision monitoring of water spectral changes. 

  With this newly developed device, we conducted real time monitoring of water spectra when perturbed by 

several sound frequencies.  

 

In the world, a fundamental tone of 432Hz was mainstream 100 years or more ago. However, it was authorized 

to 440Hz formally in 1953 by ISO. Various things are said for these two fundamental tones, but will the 

difference in this 8Hz have a different influence to water? 

 

Also, just temperament which the frequency of the chord becomes the integral multiple was used for music in 

old days, but in later years, used the equal temperament that it is not divisible. 

 

 

 

The analyzed flowing water spectra revealed with high precision characteristic water spectral patterns for each 

of the sound frequencies played to the analyzed water. 

Materials and Methods 

In this study, one type of water was used. (Gold Water mineral water from Yunosato Spa underground well)   

The flowing in a cuvette cell water which falls from a tank was exposed to one specific frequency in each 

experiment. 

 

During the experiment, the two type of sound: 440Hz only, 440+ 329+ 659Hz(close to equal temperament) and 

432 only, 432+324+ 648Hz(just temperament) was turned on and off, respectively, in separate experiments. 

Water spectra were measured using Hamamatsu-photonics spectrometer, applying temperature control and 

sound insulation box.   
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Results 

Water flow was exposed to the respective sound frequency for 1 minute, as well as it was flowing for 1 minute 

with no exposure. 15 spectra were consecutively acquired within each minute and the same procedure was 

repeated 5 times (for a total of 10 minutes). For each frequency, this experiment was repeated 3 times for 

consistency. 

 

PLS-DA classification model was developed using the acquired spectral data. It was validate using 5-out-cross-

validation. (sound  on:1   off:0) 440Hz water spectral data was very well fitted to the PLS-DA model, but 432Hz 

water spectral data fitting ratio seemed to decrease. The difference of the fitting ratio was expanded when the 

same experiments were carried out for the 2 chords:  

440, 329, 659Hz and 432, 324, 648Hz. 

 

 

To further investigate the differences in 2 chords, additional experiments had been conducted. Water was 

measured 40 times without any sound, and then, measured 80 times with sound. PLS models of the consecutive 

measurements with sound and without sound were developed. The Y fit plots and regression vectors showed 

the differences of the nature of the 2 chords. (Interclass distance between the 2 groups was 2.064 , by SIMCA 

classification) 

Conclusions 

By flowing water device, continuous flowing water spectral measurements can be performed and subtle changes 

of the water can be accurately measured in real-time, without touching the cuvette cell.  New phenomena and 

factors influencing water can be easily observed by using the Water Mirror Approach and Near-infrared 

Aquaphotomics. 

  

Figure 1. PLS-DA  Y fit line of the 2 chords 
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Introduction 

Bacteria are everywhere around us, however, a non-invasive technique for understanding their behavior, or for 

predicting subsequent changes accurately and fast enough, has not yet been developed. Commonly used 

detection methods require time, experience, and knowledge. For a quick, accurate and non-invasive bacteria 

metabolism, growth abnormality detection and metabolites quantitative measurement, NIRS have been 

successfully applied. 

 

Table 1. Microbial detection methods 

 

 

 

 

 

Materials and Methods  

In this study a single species of industrial bacteria was used, displaying abnormalities in its growth. Samples 

were divided into batches and were provided in various hours of cultivation, in order to better observe the 

microbial metabolism. Their spectra were measured using FOSS XDS-RLA spectrometer, applying temperature 

control and recording environmental conditions. Also results from Mass Spectroscopy were provided on 

metabolites detected in each sample and later used as reference for the modeling of spectral data. 

Results 

Optical density of 600nm provided by CE-MS, displayed the 

differences between the normal and abnormal growth rates 

(Figure 1). Results were consistent with the data acquired by 

NIRS. When MVA were applied, groupings of samples were 

observed, where the type of growth process and its phases were 

detected using specific bands in the 1100-1300nm and 1300-

1600nm regions. 

 

Method Time required Required conditions / Notes 

Agar medium  2~3 days Selectivity of medium 

Flow cytometry  50 minutes Pretreatment and knowledge 

ATP  Few minutes Possibility of ATP from food 

Impedance method 6~24 hours Environmental stability 

Aquaphotomics 3 minutes NIR spectrometer 

Figure 1. Bacteria growth curve of samples 
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By examining the changes in spectral patterns, it was possible to observe and evaluate metabolic abnormality 

with less hydrogen bonds in the early hours of cultivation and with increase in hydrogen bonds after the bacteria 

stop growing (Figure 2-3). 

 

 

 

 

 

 

When building models for each growth process, based on early cultivation hours PLS Time Regressions, 

predictions for each sample were made, where their standard error of prediction value (SEP) was used as a 

method for categorizing all spectra to their growth type. After expanding the initial models, better categorization 

of growth process was accomplished (Figure 4). Highest accuracy for predicting growth processes was seen for 

media, 0th and 6th hours samples, due to those periods of cultivation being present in all experiments. Being 

able to observe abnormality in media provided evidence of the phenomenon occurring due to difference in the 

preparation and mixing of bacterial nutrients. 

Conclusions 

Using the Water Mirror Approach of Near-infrared Aquaphotomics, fast and accurate methods for non-invasive 

bacteria growth stage, abnormality detection and metabolites measurement were developed. 
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Figure 2. Aquagram of Normal broth growth process      Figure 3. Aquagram of Abnormal broth growth process 

 

Figure 4. PLSR on cultivation hours prediction accuracy of growth processes at 1300-1600nm for: (a) broth (b) supernatant 

(a) (b) 
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Here I review our recent works on microwave dielectric sensing of tubulin-to-microtubule self-assembly state 

and on the effects of intense nanosecond electric pulses on microtubule systems.  

Microtubules (MTs), biologically ubiquitous protein structures, are self-assembled from tubulin proteins. MTs 

are tube-like structures that are essential in cellular functions such as cell division and intracellular transport 

and also a major target in cancer therapies. Therefore, it is crucial to develop efficient methods for monitoring 

and influencing tubulin self-assembly at the molecular level. 

 

We proposed a new approach based on a microwave lab-on-a-chip method to monitor tubulin self-assembly 

states. To that end, we designed a dedicated microwave platform with integrated microfluidics with nanoliter 

scale sensing. Using our chip, we demonstrated that the microwave microfluidics technology can be used for 

monitored using self-assembly state of tubulin into microtubules [1].  

 

In order to influence the tubulin and microtubules, we explore the effects of ultrashort duration intense pulsed 

electric field (PEF), which represent a unique tool to modulate the function of biological systems with potential 

applications in bionanotechnology and biomedical therapies. At first, in molecular dynamics simulations, we 

showed that 20 - 100 MV/m nanosecond PEF affects tubulin conformation and dipole moment [2]. We used 

these insights in interpreting our findings on nanosecond PEF ability to modulate tubulin conformation to 

control the self-assembly of tubulin to microtubules in vitro [3]. Then we demonstrated that nanosecond PEF 

are capable of remodeling microtubule network in cells [4] and how combination of advanced microfabrication 

technology and super-resolution technology brought us tools to observe effects of nanosecond PEF on 

microtubule network in cells [5]. 

 

Our results introduce a novel label-free probing and controlling electromagnetic methods for 

bionanotechnology and biomedicine applications that can potentially be integrated into advanced microscopy 

systems. 
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In the past, personalities like Viktor Schauberger and Wilhelm Reich were viewed with great skepticism; some 

scholars even classified them both as charlatans.  But in recollection of their achievements and the re-evaluation 

by renowned scientists showed that their ideas and concepts deserve a closer look.  

 

Moreover, as new tools such as NIR spectroscopy become available along with the advancement of modern 

theories in the fields of biology and physics, together enable new insights and as such allow us to re-evaluate 

their discoveries.   

The aim of this paper is therefore to provide an incentive to review their achievements by means of the novel 

methodological approaches as available by aquaphotomics; doing so would imply a detailed study of the 

postulated effects on the absorption bands of water in the NIR range, and in the light of the radically new 

framework that has been elaborated in physics and biology, to find evidence how to bridge theory with practice. 

 

Keywords: Schauberger, Reich, EMF, QED, Aquaphotomics  

 

Introduction 

In this literature review, we present some of the highlights and achievements that both individuals have made 

in their professional life and relate them with recent publications that are accessible by numerous scientific 

investigations in support of their claims.  In view of the diversity of their findings, we only can a) limit ourselves 

to selected aspects, and b) in order to keep our contribution straight forward, we do so by approaching the 

respective aspects in a rather "general" way, without diving too deep into the various topics as specialists in the 

respective fields usually would do.  The common denominator that connects both Schauberger and Reich 

particularly regards the special properties of aqueous media.  Thus, the entire contribution aims at pointing the 

finger at possible research applications which are possible via NIR spectroscopy.   

 

 

Figure 1. The graph shows that when the stimulus (S) is larger than the threshold value (S0), the 

lowest stimulus intensity resulting in no response) the response is positive. The response turns 

towards the outside: If our knee is hit by a hammer, we will react with a kick. The response grows 

much more slowly than the stimulus; that is very useful for protecting the organism from stimuli that 

are too big.  In the case when the stimulus S is smaller than the threshold stimulus S0, the response 

grows as S decreases, but in the negative direction; it is a response turned towards the inside. In other 

words, the organism acts on itself, it re-structures and re-organizes itself, even more as the entity 
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becomes smaller. Here we have a rational basis for the formulation of the principle of minimal 

stimulus: the smaller the stimulus, the bigger the power of the organism to re-form and re-organize 

itself (adapted from: Tosi M, delGiudice E (2013) The Principle of Minimal Stimulus in the Dynamics 

of the Living Organism. ISIS Report Vol.60: 26-29).  

Conclusions 

Given the lack of understanding of mainstream science, specifically when it comes to comprehend the properties 

of water, the achievements of both Schauberger and Reich provide a reservoir of inspiration to unfold a broader 

understanding of water - specifically in the context of the living.  It all starts with the basic principles of vortex 

formation, which encompass the micro- and extend well beyond the macroscopic domains, whereby fractality 

is the underlying cross-related entity.  On the various levels of dimensions, this dynamic generates rhythms 

(pulsations), that in turn generate solitons, which are in essence coherent structures directly influencing the 

living.  Since such an approach does not correspond to the conventional dose-effect-principle but much more 

to hormesis, it then becomes possible both in medicine as well as in biology or in the life sciences in general to 

radically re-evaluate hitherto one-sidedly interpreted relations (such as ecosystem destabilisation, electro-

magnetism and life, chronic diseases, etc.) with regard to the fundamental role of water, whereby currently 

prevailing, mechanistically accentuated, dogmas can no longer be hold.  Through the theoretical framework 

offered by modern physics, here in particular by QFT, a coherent picture emerges with which many of the 

peculiar observations associated to these two scientists appear in a completely new light.  The basic assumption 

whereby water is just considered a solvent and in which the substances dissolved are given supremacy becomes 

reversed, whereby water becomes that what it is: LIFE. 
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Spectral imaging and spectroscopic methodologies were developed to characterise interactions between 

biomaterials and water. These methods were evaluated for a range of biomaterials, including biopolymers, bone 

cements, hydrogels and coatings in contact with water [1,2,3]. Vibrational spectral features were related to 

conventional surface measurements, such as contact angle, and interactions between water and biomaterials 

were monitored using Near infrared, Mid infrared and Raman spectral imaging. Method 1 is based on 

Attenuated total reflectance – Fourier transform infrared (ATR-FTIR) imaging of wetted polymers [1]. IR light 

is passed through a germanium crystal in contact, under pressure, with a biomaterial surface confined under 

water. The biomaterial sample is submerged in a water well, through which ATR measurements are taken within 

the wavenumber range 750-4000 cm-1. This enables spectral images of both the biomaterial surface and the 

water interface to be obtained simultaneously, within a sampling area of approximately 1 um from the 

biomaterial surface. This method, when combined with chemometrics, enabled spatially localised assessment 

of contact angle over a wide range of surface types. Method 2 consists of a set of parallel glass windows between 

which a biomaterial is deposited, followed by the introduction of water through the window and around the 

biomaterial via capillary motion [2]. This method, more suitable for bone cements and hydrogels, has two 

advantages over method 1: firstly, the method is non-contact, therefore the range of biomaterial surfaces that 

can be sampled is increased; secondly the lateral setup enables easier separation of the water and biomaterial 

signal (these are mixed in the spectra obtained using method 1). The main drawback if this technique is that 

spatial resolution is limited to that of the CI technique used (i.e. 1 um for Raman – 300 um macroscopic NIR). 

This method has been applied to monitor the interaction of water with bone cement biomaterials and 

biopolymers. When combined with chemometrics, this enabled monitoring of the degradation of these 

biomaterials over time. Method 3 is based on transmission spectroscopy of biomaterials in a controlled relative 

humidity environment. Relative humidity was controlled by flowing humid air through a sealed cell with 

calcium fluoride window which was accommodated in the sample compartment of FTIR system. This approach 

enabled monitoring of the structure of water vapor molecules on biomaterial surfaces [3]. Using Method 1, it 

was demonstrated that the degree to which protein and cell adhesion occurs on polymeric biomaterials could be 

predicted based on the Mid infrared spectra representing the interaction between water and the surface [4, 5]. 

Our results showed that predictive models built with spectra from wetted surfaces performed much better than 

models built using spectra acquired from dry surfaces, proving that the water-polymer interaction is critically 

important to the prediction of subsequent protein and cell adhesion behaviour. These results offer new insights 

into cell-biomaterial behaviour in the framework of the water/biomaterial interface. 

References 

1. Mukherjee S, Martínez-González JA, Dowling DP, Gowen AA (2018). Predictive modelling of the water contact angle of surfaces 

using attenuated total reflection-Fourier transform infrared (ATR-FTIR) chemical imaging and partial least squares regression 

(PLSR), Analyst 143(15): 3729-3740. 

2. Dorrepaal RM, Gowen AA (2018). Identification of Magnesium Oxychloride Cement Biomaterial Heterogeneity using Raman 

Chemical Mapping and NIR Hyperspectral Chemical Imaging. Scientific Reports, 8: 13034 

3. Xu, J, Gowen, A (2021). Time series Fourier transform infrared spectroscopy for characterization of water vapor sorption in 

hydrophilic and hydrophobic polymeric films. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 250, 119371. 

4. Mukherjee S, Martinez-Gonzalez JA, Gowen AA (2019). Feasibility of attenuated total reflection-fourier transform infrared (ATR-

FTIR) chemical imaging and partial least squares regression (PLSR) to predict protein adhesion on polymeric surfaces, Analyst 

144(5): 1535-1545. 

5. Xu JL, Lesniak A, Gowen AA (2020). Predictive Modeling of the in Vitro Responses of Preosteoblastic MC3T3-E1 Cells on 

Polymeric Surfaces Using Fourier Transform Infrared Spectroscopy. ACS Applied Materials and Interfaces, 12: 24466-24478. 



 

- 97 - 

 

Aquaphotomics for revealing the interaction between water molecular 

and surface: Potential applications to predict cell response and biofilm 

formation 

Jun-Li Xu1*, Mariateresa Ferone2, Anna Lesniak1, Aoife A. Gowen1 

1 School of Biosystems and Food Engineering, University College Dublin, Belfield, Ireland. 
2 School of Agriculture and Food Science, University College Dublin, Belfield, Ireland. 

*Presenting author and Correspondence: Junli.xu@ucd.ie   

 

Keywords: Water-surface interaction, FTIR, Modelling, Cell behavior, Biofilm 

 

Introduction 

Fourier transform infrared (FTIR) spectroscopy is well recommended for the characterization of physico-

chemical structure of materials due to its versatility in determining composition, conformation and crystallinity. 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy has been reported to 

investigate protein adsorption [1], surface segregation [2] and material degradation [3]. ATR-FTIR spectra of 

dry surfaces manifest molecular structure of materials, while the wet spectra obtained from wetted surface 

enable to represent both the chemical structure and the water-surface interaction information. In this sense, this 

work aims to investigate the potential of ATR-FTIR collected at wetted surfaces combined with multivariate 

modelling methodology for cellular responses and biofilm formation prediction. 

Materials and Methods  

The selected materials include poly-L-lactic Acid (PLLA), polysulfone (PSU), polystyrene (PS), polypropylene 

(PP), poly-vinyl chloride (PVC), polyethylene (PE), polyurethane (PU), silicone rubber (SR) film, 

polytetrafluoroethylene (PTFE), and glass coverslip. Mouse calvaria-derived, pre-osteoblastic cell line (passage 

1- 22 after defrosting form liquid nitrogen, MC3T3-E1; ATCC CRL-2593) was used to produce diverse cellular 

responses on surfaces. The biofilm formation capacity of E. coli on different surface materials was monitored 

in 2 mL aerobic cultures in 12-well plates at 37 °C using minimal media (M9 glucose media). Quantification of 

biofilm formation was performed by crystal violet staining. 

 

A Thermo ScientificTM NicoletTM iN10 Infrared Microscope was used to collect ATR-FTIR chemical images 

in the spectral range of 4000 – 1000 cm−1  with a 4 cm−1  resolution. Using the technique developed by 

Mukherjee, Martínez-González [4], wetted spectra were acquired after hydrating the sample at room 

temperature (21-25 °C and 40-60% relative humidity) with an equilibration time of ~ 30 minutes. Partial least 

squares (PLS) regression models were developed to predict cellular responses (the response variable, e.g., cell 

viability, morphological features) from the mean spectra (the predictor variable). 

Results 

The big difference between dry and wet spectra occurs in 4000-3000 cm-1 [v(OH)] [5] and vibration near 1640 

cm-1 [𝛿(HOH)] [6], since water is in contact with these surfaces. The dissimilar spectral change trends from dry 

to wet condition implicated different interactions happened between water and surfaces. PSU, PS, PP, PE, PTFE 

and SR share a similar band shape showing a peak shift to a higher frequency compared to glass, indicating that 

a weakened hydrogen bonding network at the surface due to its hydrophobic character. Strong biofilms formed 

on PLLA while weaker biofilm formed on PTFE. A relationship between wet spectra and biofilm growth has 

been witnessed. 
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Noticeably, PLS models using wet spectra outperformed dry spectra for prediction of cell behaviors. PLS 

models from wet spectra exhibited good performance to predict morphological features of the actin cytoskeleton 

and focal adhesions (FAs), as shown in Figure 1. For prediction of FAs, the developed model was further applied 

on PSU, PS and PE which were not included in the training set, yielding satisfying predictive ability with 𝑅2
𝑃 

of 0.94 and RMSEP of 2.57 µm. Combining the analysis of regression vector, wet and difference spectral 

profiles, water contact angle and cellular response of FAs area, results suggested that carbonyl-to-water 

interactions occurred between polymer and water molecules tended to discourage cell adhesion.  

 

 

Figure 1. (a) Comparison of measured and predicted cell spreading area for cross-validation and 

prediction for PSU, PS and PE which were not used in model development. (b) Comparison of 

measured and predicted FAs area for cross-validation and prediction for PSU, PS and PE. (c) 

Regression vector obtained from PLS model for predicting FAs area. The major spectral features are 

highlighted with color shadows. 

Conclusions 

In this work, the approach of predicting cellular behavior on surfaces using ATR-FTIR chemical imaging 

combined with PLS modelling is proposed. Better performance was witnessed when spectra of wetted surfaces 

was used due to the incorporated information of water-surface interaction via hydrogen bonding. This work 

offers new insights into our understanding of cell-surface interactions based on the use of water-surface 

interaction.  
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Introduction 

For decades, near-infrared spectrometry (NIRS) has made it possible to access the properties of matter, such as 

the chemical composition, physical structure and bonding state of its major components, as proposed by 

aquaphotomics. Thus, NIRS is extensively used to determine and predict product quality during the product 

development and manufacturing processes. This use is based on the calibration of chemometric models. Spectra 

preprocessing methods are a part of the strategy to build a robust calibration model representative of the property 

to be predicted. In addition, a proper use of spectral preprocessing can lead to a better understanding of the 

material being studied [1]. 

 

It is therefore very important to control the pre-processing phase of the spectra and to understand their effects, 

instead of just pressing buttons and observing the decrease in model error. The theoretical bases of spectral 

preprocessing will be presented, and the main methods will be illustrated with examples. 

How to optimise spectrum standardisation? 

Measurement conditions might induce various additive (baseline) or multiplicative effects on the collected 

signals which jeopardize the building of estimation models. A common answer to this concern is signal 

normalization and, when the baseline is constant, in particular the Standard Normal Variate (SNV) transform 

[2].  

 

SNV has important drawbacks, in terms of physical interpretation and robustness of estimation models, because 

all the variables are equally considered, independently on what their actual relationship with the response(s) of 

interest is. Since SNV is very efficient, it is widely used in chemometrics. However, it produces spectral 

distortions that make interpretation very difficult and prohibit the discovery of fine spectral phenomena, such 

as those sought in aquaphotomics. As a consequence, alternative normalisation methods have been developed.  

 

A state of the art of these methods will be briefly listed and a new method, named VSN (Variable Selection for 

Normalization) [3] will be presented. This algorithm automatically produces, for a given set of multivariate 

signals, a weighting function favoring signal variable that are only impacted by additive and multiplicative 

effects, and not by the response(s) of interest. When introduced in classical methods, as SNV, this weighting 

function significantly improves signal shape and model interpretation.   

How to combine several pre-treatments?  

Preprocessing NIRS spectra are intended to suppress the effects of unwanted variations, in order to improve the 

calibration model performance or to make clearer the sought features. Because there are many types of 

background noise, there are many pre-treatment methods. It is therefore tedious to select and/or combine the 

best pre-treatments. Only few methods have been proposed in this aim, mainly based on the exhaustive search.  

A set of new methods, based on the ensemble paradigm, will be presented. A focus will be put on the SPORT 

method [4], which uses sequential and orthogonalized partial least squares (SO-PLS), thus leading to a boosting 

method. The performances and properties of this new method will be compared to those of a previously 

published stacking method.  
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Perspectives  

Based on the methods presented, but also on the current state of the art, perspectives for future research will be 

presented, including a special focus on aquaphotomics. 
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In the past decade, the continuous progress in technology has led to dynamic development of portable, 

miniaturized near-infrared (NIR) spectrometers, enhanced the potential of this spectroscopic technique by 

enabling analysis directly on-site and enabled a new spectrum of applications of this technique in science and 

industry [1,2]. The miniaturization required implementing a number of distinct engineering solutions, and these 

sensors differ by the key elements used for their construction, e.g. wavelength selectors and detector 

configurations [2]. Different design philosophies make the performance and applicability of various 

miniaturized NIR spectrometers specific, governed by the operating spectral region, resolution and sensitivity. 

As the result, their analytical performance is often inferior in absolute terms to the benchtop laboratory 

instrumentation [1,2]. 

The advantages of miniaturized NIR spectroscopy are particularly exposed in several field of natural products, 

because of their chemical diversity that can vary depending on the medicinal plant cultivation conditions, 

geographical origin or harvest time [3]. One of the most critical quality parameters of natural medicines, 

essential in the production process and also the suitability of the final retail product, is the moisture content. 

Flexible, efficient and rapid analytical method for monitoring water content in natural medicinal material has 

critical importance. Miniaturized NIR spectroscopy offers great potential in this role. However, these kinds of 

samples feature a complex chemical matrix, typical for plant material.  

Our investigation evidenced that the analytical performance of miniaturized spectrometers in a challenging 

scenario, i.e., that involves chemically complex plant matrices, can be significantly improved with advanced 

calibration methods [4]. In the explored analytical scenario, the quantification of the moisture content in 192 

samples of dried plant extract composed of five different plants from different geographical origins harvested 

at various times within two years. The spectra measurements involved a rich suite of spectrometers; two 

benchtop (NIRFlex N-500 and MPA I) and three miniaturized (microPHAZIR, MicroNIR 2200 and MicroNIR 

1700ES) instruments were used to acquire the spectral datasets for all 192 investigated samples. For the needs 

of the calibration, reference analysis of the moisture was performed with the use of Karl Fischer titration method, 

which is the industry standard for this purpose. Moisture content is one of the most important quality parameters 

of the intermediate and final products in the area of natural medicines. It determines the market suitability, 

stability and shelf life of the product and requires to be constantly monitored. The calibration step involved 

development and evaluation of PLSR, Gaussian process regression (GPR) and artificial neural networks (ANN) 

models that were constructed for the spectral sets from each instrument. The non-linear GPR and ANN methods 

are known to offer substantially improved performance in the case of less than ideal data-sets, e.g. resulting 

from difficult nature of the analyzed sample (i.e. chemically complex plant matrix), reduced quality of the 

spectra (i.e. narrow spectral region, lower resolution and poorer S/N typically accepted for the miniaturized 

spectrometers). The prediction performance of those calibration models was evaluated through the root-mean 

square error of prediction (RMSEP) determined for an independent test set (Table 1). 

 

Thus, the penalty to the accuracy resulting from the hardware miniaturization can be compensated by using 

GPR or ANN calibration. In this case, the miniaturized spectrometers offered the prediction performance at the 
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level of the benchtop instruments (Table 1). Moreover, the samples in native state proved to be more difficult 

to analyze for all evaluated instruments when using PLSR calibration (Table 2). 

 

 

Table 1. RMSEP values for an independent test set validation resulting from PLSR, GPR and ANN. Bolded values highlight are the models 

with highest performance of prediction for a given spectrometer and sample configuration. 

  PLSR GPR ANN 

  1 HN 2 HN 3 HN 4 HN 

d
ry

in
g

 a
g
en

t 

NIRFlex N-500 0.27 0.31 0.35 0.36 0.32 0.39 

MPA I 0.27 0.32 0.39 0.35 0.39 0.33 

microPHAZIR 0.37 0.30 0.27 0.30 0.31 0.48 

MicroNIR 2200 0.32 0.30 0.33 0.29 0.33 0.33 

MicroNIR 1700ES 0.28 0.28 0.25 0.33 0.30 0.34 

n
at

iv
e 

NIRFlex N-500 0.45 0.36 0.73 0.55 0.41 0.43 

MPA I 0.47 0.44 0.54 0.68 0.56 0.59 

microPHAZIR 0.54 0.60 0.59 0.53 0.58 0.48 

MicroNIR 2200 0.43 0.38 0.32 0.35 0.44 0.44 

MicroNIR 1700ES 0.50 0.43 0.46 0.70 0.67 0.72 

 

 

Table 2. The difference between the RMSEP values for independent TSV performed for the plant material in two states, native samples 

vs. the samples laced with the drying agent, summarized for two benchtop and three miniaturized NIR spectrometers. 

 PLSR GPR ANN 

NIRFlex N-500 0.18 0.05 0.05 

MPA I 0.20 0.12 0.21 

microPHAZIR 0.17 0.30 0.21 

MicroNIR 2200 0.11 0.08 0.03 

MicroNIR 1700ES 0.22 0.16 0.21 

average 0.18 0.14 0.14 
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Introduction 

The Beer-Lambert law (ie. the linear relationship between absorbance and an absorbing constituent 

concentration) is valid in very strict conditions: the medium should be a fully transmitting solvent. Thanks to 

sound chemometrics involving signal processing and multivariate statistics, the lack of linearity observed in 

scattering media (soil, biomass, water suspensions) has been compensated and successful quantitative 

calibration have been developed [1]. However, when interested in the specific spectroscopic assignments (both 

relative intensity and position of the absorptivity coefficients), a special care in the pre-processing steps should 

be given [2]. In this study, near infrared spectra were acquired during the drying of aluminum pellets mixed 

with water. This model system allowed to study specifically the scattering effects induced by moisture content 

variations. The path-length modifications are shown to be related to water content by a power law. Implications 

of such relationship are discussed, in particular, for the improvement of specific spectral assignments made on 

water structure. 

Materials and Methods  

Aluminum paper pellets mixed with water were put into an in-house built drying system with automatic dynamic 

acquisition of near infrared reflectance spectra and water content determination [3]. 

A new formulation of the relationship between absorbance and water content is proposed: 

 

 𝐴𝜆,𝑐 = 휀𝜆. 𝑙0. 𝑐𝑎𝜆+1 + 𝑓𝜆,𝑐. (Eq. 1) 

 

With 휀𝜆 the extinction coefficients, 𝑙0. 𝑐𝑎𝜆  the path-length dependent of c due to scattering events, and 𝑓𝜆,𝑐 the 

additive baselines due to the photon loss. Applying the logarithm results in the following equation: 

 

 𝑙𝑜𝑔(𝐴𝜆,𝑐  − 𝑓𝜆,𝑐) = 𝑙𝑜𝑔(휀𝜆. 𝑙0) + (𝑎𝜆 + 1). 𝑙𝑜𝑔(𝑐). (Eq. 2) 

 

In order to obtain the absorbance corrected from additive effects (𝐴𝜆,𝑐  −  𝑓𝜆,𝑐), the EMSC framework was used 

[4]. For each wavelength, an ordinary least squares (OLS) log-log regression was fit: both intercept 𝑙𝑜𝑔(휀𝜆. 𝑙0) 

and slope (𝑎𝜆 + 1) were evaluated. 
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Results 

As seen in Figure 1A, the raw absorbance measurements at 1430 nm do not follow a linear relationship with 

water content. After correcting additive effects using EMSC (Figure 1B), the log-log regression shows a perfect 

fit with an R2 of 0.995 (Figure 1C). This analysis was run for all wavelengths of the spectrum, and it was shown 

that this law fitted perfectly on the whole spectrum. 

 

Figure 1. Evolutions with water content % of (A) raw absorbance, (B) corrected absorbance, and (C) log-transformed 

corrected absorbance. In the (C) subplot, the OLS regression line is plot in red, with the slope, intercept and coefficient of 

determination (R2). 

 

The intercepts obtained with the log-log regression (corresponding to 𝑙𝑜𝑔(휀𝜆. 𝑙0) in Eq.2) are the logarithm of 

the pure extinction coefficients 휀𝜆. These are presented in Figure 2 (blue curve), and second derivative using 

Savitzky-Golay (red curve) shows the subpeaks of the first overtone OH region. The negative peaks at 1405 nm 

and 1469 nm correspond well to observed peak positions in transmission spectra of water [5]. 

 

 

Figure 2. The exponential of the fitted intercept values (휀𝜆. 𝑙0) in Eq.2 (in blue) and the corresponding Savitzky-

Golay second derivation (in red). 

Conclusions 

This work highlights the effect of water on the scattering properties of the measured material. It is shown that 

path-length modifications can be related to water content by a power law. It is suggested that by correctly 

preprocessing additive effects, and taking into account this new modeling of path-length, the relative intensity 

and position of the extinction coefficients can be correctly studied. Such framework may benefit to 

Aquaphotomics studies where specific absorbance bands of water are looked for. 
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Mung bean is a leguminous crop with distinct disadvantages in its consumption, namely its anti-nutrient 

components. Processing techniques especially sprouting process is one of the solution for better nutritional 

quality, while producing important components such as ascorbic acid. Production of mung bean sprout in large 

scale does not have definite standard for the sprouting process, thus there is a need for rapid and effective quality 

check for mung bean sprout. Near-infrared spectroscopy (NIRS) as a sensitive technique is proposed to describe 

the quality parameters (water content, pH, and ascorbic acid) of mung bean sprout relative to the conventional 

analytical methods. Mung bean was sprouted for 120 h in 6 h interval, analyzed using conventional methods 

and NIRS instrument, and evaluated using statistical methods, chemometrics approach (principal component 

analysis (PCA), discriminant analysis (DA), partial least squares regression (PLSR)), and aquaphotomics 

analysis by calculating an aquagram in the range of 1300-1600 nm interval. Scanning the bean sprout extract 

showed classification and 100% accuracy of prediction using DA. The PLSR model developed for quality 

parameters showed dependable R2CV of above 0.95 with RMSECV ranging from 0.02%-0.05%. The aquagram 

showed a trend of strong bound water forming during the sprouting, peaking in 1462, 1477, 1489, and 1513 

nm. 

Keywords: germination; chemometrics; water spectral pattern  

Introduction 

Mung bean (Vigna radiata) is one of the most significant crop in Asia, but it contains anti-nutrient components 

in the form of phytate, which reduce the bioavailability of mineral in its consumption [1]. Some processing 

techniques, especially sprouting have been proven to reduce anti-nutrient components, and increase the quality 

of mung bean. Sprouting process also reduce flatulence-related sugar, and produce phenolic components and 

vitamins; especially ascorbic acid [2]. Rapid evaluation of mung bean sprout quality and monitoring of 

sprouting process over time would prove an objective means of assessment of one of the most important 

sprouting parameter: time. As water changes and organic acid formation in bean sprout product happened in 

the function of time, developing rapid analysis and continuous monitoring technique for industrial scale is 

essential. The use of NIRS within 700-2500 nm interval has been reported to be able to classify bean sprout 

based on sprouting time for quality purpose [3]. However, the complex aqueous system of the mung bean sprout 

suggests that water matrix coordinates play a key role at the molecular level. It is therefore, necessary to 

understand the changes in the hydrogen bonding network of water molecules occurring in the mung bean during 

sprouting. [4]. The usage of Aquaphotomics is suitable, due to the appropriate sample preparation from the 

conventional analytical techniques. The objective of this study was to understand the possibility of rapid quality 

check and observation of mung bean sprouting process through NIRS and Aquaphotomics and test the potential 

of NIR and Aquaphotomics to make a correlative model for quality parameters evaluation and ascorbic acid. 

Materials and Methods  

The bean was sprouted for 120 h in 6 h interval. The bean was soaked with distilled water for 12 h, and rinsed 

every 12 h. The sprouting was done on cellulose paper in an incubator of a constant temperature (35oC). Grown 

bean sprout is crushed, mixed with water (1:2 ratio), and filtered with filtration paper. This sample liquid is 

called the bean sprout extract, used for NIRS scanning. Water content determination was based on AOAC 
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method, pH and conductivity determination utilized benchtop instrument, and ascorbic acid determination was 

based on direct redox titration using iodine solution. NIRS measurement was done using DLP NIRScanNano 

instrument (Texas Instrument, Dallas, Texas, United States) in transmission mode using a quartz cuvette of 1 

mm path length. The NIRS scanning was done in triplicate and three consecutive scans. Result from 

conventional analytical techniques were analyzed using descriptive statistics and one-way ANOVA, followed 

by differentiation test. The spectral data was analyzed using chemometrics methods (PCA and LDA), 

correlative model was made using PLSR technique and n-fold cross-validation technique, and aquagram was 

made from spectral data in the first O-H overtone range (1300-1600 nm). 

Results 

The aquagram showed a trend of strong bound water formation during germination (Figure 1a.), and its 

comparison with the ascorbic acid standard (Figure 1b.). PLSR model was made from the spectral data of bean 

sprout extract, and predicted quality parameters (water content, germination time, and ascorbic acid content). 

The ascorbic acid content was analyzed for independent prediction of sample with unknown concentration of 

ascorbic acid. The prediction result was then compared with conventional technique (Figure 1d.) 

 

(a)  (b)  

 

(c)   
(d)  

Figure 1. Aquagram (1300-1600 nm) and PLSR plot, after Savitzky-Golay smoothing (SG) and standard normal variate (SNV) pretreatment of the spectra: 

(a) Aquagram plot of sprouted mung bean sprout with 24-hour interval; (b) Aquagram plot of ascorbic acid (0-500 mg/100 g); (c) Regression of ascorbic 

acid prediction; (d) Ascorbic acid content plot of NIR predicted values against conventional technique result. 

Conclusions 

The result from the experiment showed NIR reliability for mung bean sprout quality evaluation, where it 

prominently predicted water content of mung bean sprout and its sprouting time parameter. Further prediction 

of ascorbic acid showed satisfactory prediction capability, as well as similarity to the prediction by conventional 

techniques. PLSR regression models showed high accuracies even after cross-validation (R2CV) and low errors 

(RMSECV) for predicting water content, germination time and ascorbic acid. Aquagrams from aquaphotomics 

evaluations showed similarity in trend. Both mung bean sprout and ascorbic acid initially showed the abundance 

of weaker bonded water molecules (first and fourth quadrant), and stronger bonded water (1513 nm) was 

observed under higher concentration of ascorbic acid, and longer germination time. This indicated the potential 

of ascorbic acid detection for complex food matrixes on a sub-percent level. 
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Introduction 

Aquaphotomics, the modern application of near infrared spectroscopy, introduced by Prof. Tsenkova in 2005, 

has been successfully used to study and systematize the knowledge about water-light interaction [1,2]. The 

study of water spectral analysis in the visible range of spectrum (visible Aquaphotomics) is a potential extension 

of the knowledge of NIR Aquaphotomics. The use of absorption analysis requires experimental precision and, 

therefore, minimization of measurement errors. The aim of the following study is to determine the main errors 

that occur during experiments in visible Aquaphotomics, and their significance (influence) on the results. 

Materials and Methods 

For data collection, the SHIMADZU UV-2401PC UV-VIS spectrophotometer was used, range limited from 

380 to 800 nm, with step 1 nm and absorption measurement mode. Acquisition was performed in transmittance 

mode using optical rectangular glass cuvettes providing 2 mm and 5 mm of technical pathlengths, chosen as 

optimal for visible spectral during previous research [3,4]. Distilled water was used for the experiments as an 

aqueous sample. Glass cuvettes Starna Scientific were completely new and never used before. After unpacking, 

the cuvettes were washed by Ethanol 96 % and before measurements, each cuvette washed by distilled water 

three times. For the experiments three cuvettes of each pathlength were used. The volume of the sample was 

kept constant: 8 mL and 20 mL for 2 mm and 5 mm, respectively. To test the device error, three consecutive 

scans were performed for each measurement. Three sampling (refilling) for each cuvette were carried on and to 

test error of the place each cuvette was taken off and placed back with the same sample three times. There were 

three cuvettes of each pathlength to evaluate given error by different cuvettes. To estimate the device error, 

standard deviations between all consecutive scans of the same sample were calculated for each wavelength 

using the error propagation rules. For the position error, the standard deviation between all cuvette positions for 

each cuvette were evaluated. Sampling error was given by calculation of standard deviation between all the 

samples (refilling) for one cuvette. Finally, the cuvette error is represented by the standard deviation between 

the different cuvettes sets of measurements. 

Results and Conclusions 

Calculated standard deviations between the measured spectra with 5 mm cuvette are presented on the Fig. 1. 

There are 4 curves representing the deviations between consecutive scans of the same sample (StDevCS), 

samplings (refilling) of the same cuvette (StDevS), physically different cuvettes but same type (StDevC), and 

different positions (StDevP). As expected, the smallest values has the deviation between the consecutive scans, 

which represents the error of the device. The error given by the cuvette replacement is small and comparable 

with the device error. Error given by the sampling is expected in each experiment, usually due to the inaccuracy 

of the used pipettes and human factor. This error is often the highest in the experiment. However our results 

show that there is error, the impact of which is even greater than that of the sampling error. The cuvettes from 

the same box of the same producer are not exactly equal and give the highest deviation during the measurement. 
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Figure 1. Standard deviations between the measured spectra with 5 mm pathlength cuvette.   

Table 1 presents the errors of the device (Ed), sampling (Es), cuvettes (Ec) and positions (Ep) from the measured 

spectra, together with the average values of the absorption (Av_abs), for the 2 mm and 5 mm pathlengths. As 

can be seen, errors differ for the 2 mm and 5 mm cuvettes. The errors of the device and position are small, while 

the sampling and cuvettes errors are much higher. The highest error with 2 mm is the cuvette error, when with 

5 mm cuvettes it is error of the sampling. We assume that this is directly related to the amount of sample being 

measured. 

Table 1. The calculated errors of the device, sampling, cuvette and position. 

 2 mm 5 mm 

Av_abs 4.424E-2 3.994E-2 

Ed 4.057E-6 3.316E-6 

Es 2.302E-5 2.94E-5 

Ec 4.292E-5 1.749E-5 

Ep  3.205E-6 

 

Our results show the presence and influence of errors presented in spectral experiments. Most of these errors 

are well known and are taken into account by experimenters. The sampling error is often considered as the 

largest. However, the error presented by the difference between cuvettes from the same manufacturer (from the 

same box) can have a significant impact on the expected result. In this regard, it is necessary to consider this 

error and, possibly, apply correction methods that can reduce its affect. 
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Introduction 

Late cancer diagnosis is one of the causes of high mortality rate. Biopsy and histopathology, being a gold 

standard in cancer diagnosis, are complex, invasive and expensive. The development of new low-cost and rapid 

methods for mass screening of patients and early cancer diagnosis is an urgent need in modern medicine. The 

detection of compositional changes in a patient's biological fluids (blood and urine) caused by cancer 

distribution is a perspective direction of the research in this field [1]. 

Optical spectroscopy has great potential in cancer diagnostics. Using fiber optic probes in cost-effective NIR 

region is a very powerful and flexible method for non-invasive in vivo and in vitro diagnostics [2-3]. NIR-

spectra of biological fluids presumably contain information about the molecular changes in the normal and 

abnormal conditions of the cells and the patient's condition. Therefore, they can be used to predict the response 

to a particular treatment protocol [4]. However, NIR spectroscopy has not been yet widely used in clinical 

practice because of the lack of a unified strategy for spectral data analysis.  

Intensive water absorption in the 700–1900 nm region usually complicates the analysis of the obtained data and 

reduces their informative value. Nevertheless, water absorption bands themselves contain information about 

different conformations of water molecules in cells. Water molecules form hydrogen bonds between each other 

and with their surroundings, which makes water absorption bands very sensitive to the sample composition [5]. 

In the present work, aquaphotomics combined with multivariate data analysis was used to study NIR spectra of 

plasma and serum of blood and urine, obtained from patients before and after cancer surgery. The difference in 

the water molecular structure in body fluids before and after surgery was investigated.  

Materials and Methods  

The biological body fluids (urine, plasma and serum) were collected from 14 patients before and after different 

cancer surgeries at the Charité—Universitätsmedizin Berlin (Germany). NIR measurements were performed in 

the region 900–1700 nm using a portable fibre-optic NIRQuest512 spectrometer (Ocean Optics, Inc., Orlando, 

FL, USA). Principal component analysis (PCA) was used to describe the basic multidimensional characteristics 

of the NIR data matrix. PCA-loadings were analyzed in order to find the characteristic water bands and water 

matrix coordinates (WAMACs), showing changes in biological fluids before and after surgery. 

Results 

The mean spectrum of samples before surgery was subtracted from the samples after surgery and the difference 

is plotted (Fig. 1) to show the highest spectral variation between them. It is clearly seen that spectral shape for 

all of the fluids is very similar. Subtracted peaks with assignments are presented in Table 1.   
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Figure 1. Subtracted average spectra of samples before and after surgery for (A) – serum, plasma, and 

(B) – urine. 

Table 1. Assignment of the characteristic water absorbance bands. 

Urine, nm Plasma, nm Serum, nm Assignment 

977 977 977 976 nm - bulk water, strong correlation with water activity 

1199 1192 1196 
1194.67 nm - H+(H2O)4, 2nd overt. 

2nd overtone Superoxide Tetrahydrate O2-.(H2O)3 

1205 1206 1206 1210.3 nm - 2nd overtone IHB stretch (OH-(H2O)3) 

1264 1257 1254 
1250.8 nm '-OH strech in fully hydrated hydronium, 2nd overt. 

1268 nm - 'singlet oxygen 

1378 1379 1379 1379 nm - H2O - ν1+ν3 

1591 1592 1592 
1590.8 nm - aqueous proton [H+·(H2O)6] - H2O in H5O2+ 

asymmetric stretch, 1st overt. 

1684 1687 1687 
1682.9 nm - aqueous proton [H+·(H2O)5] - H3O+ symmetric stretch, 

1st overt. 

 

PCA was also performed and provided further insights which will be presented. 
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Introduction 

Contamination with persistent organic pollutants (POPs) is a global concern of high priority [1]. Monitoring of 

contamination is an important step to keep environment clean and ensure safe living. 

Dieldrin is an extremely stable organochlorine insecticide, a harmful and widespread persistent pollutant. 

Pyrene is a representative of the polycyclic aromatic hydrocarbons, also a very harmful persistent contaminant. 

Aquaphotomics [2] Near infrared (NIR) spectroscopy approach is based on the analysis of information derived 

from the interaction between NIR light and water and evaluation of the changes in the molecular structure of 

water induced by a certain perturbation. Previous works have shown the feasibility of detection and 

quantification of different pollutants in water, such as heavy metals [3] and pesticides [4]. Further, 

aquaphotomics expanded the detection of contamination without relying on calibration for the specific 

compounds, and monitoring how the entire water spectral pattern changes over time [5] or as a consequence of 

purification treatment [6] instead. 

The objective of this work is to explore the detection of hydrophobic pollutants, dieldrin and pyrene, in water 

solutions using aquaphotomics NIR spectroscopy as a novel cost-effective method. This work is a part of a 

larger platform for investigation of the potential of aquaphotomics for detection of hydrophobic compounds in 

various environments, including in vivo systems. 

Materials and Methods  

Samples preparation 

For initial solubilization of dieldrin and pyrene as hydrophobic compounds the solvent dimethyl sulfoxide 

(DMSO) was used. Water solutions with final concentration from 0 to 100 ppm were prepared by direct dilution 

using ultra-pure Milli-Q water (Millipore, Molsheim, France).  

Near infrared spectroscopy 

NIR spectra of prepared solutions were acquired using RLA FOSS-XDS spectrometer (FOSS NIRSystems, 

Inc., Hoganas, Sweden). The spectra were acquired in the spectral range 400 – 2500 nm, with 0.5 nm step. The 

measurements of each sample were repeated in triplicates and randomized. During one, uninterrupted 

measurement of each sample, 5 consecutive spectra were recorded. The spectra of DMSO and pure water, after 

every 6 samples, were also acquired, giving 310 spectra in total for the analysis. 

Aquaphotomics analysis 

In order to explore which wavelength regions would be most informative, the spectra were split to several 

ranges: 400 – 700 nm, 700 – 1090 nm, 1110 – 1300 nm and 1300 – 1600 nm. Quantitative modelling of 

concentration was performed using Partial Least Squares Regression (PLSR) analysis on separated datasets of 

pyrene and dieldrin. The models were built for each of the previously defined spectral regions exploring a 

number of spectral pre-processing techniques. Calibration was performed using active class validation. The 

precision and accuracy of the PLSR models were evaluated using the following statistics: correlation coefficient 
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(r) of cross-validation, standard error of cross-validation (SECV) and optimum number of latent variables 

needed for the lowest SECV. 

Results 

The best quantification results of dieldrin and pyrene were achieved as follows: a) for dieldrin in the range 1110 

– 1300 nm, using 1st derivative transformation, r2 = 0.93 and SECV = 8.25 ppm (Figure 1, left), and b) for 

pyrene, in the range 700 – 1090 nm, using smoothing, r2 = 0.99 and SECV = 0.79 ppm (Figure 1, right).  

Examination of the regression vectors of the respective PLSR models revealed that most influential variables 

include both the contribution of the contaminants themselves and of their impact on water molecular structure.  

 

Figure 1. PLSR analysis: agreement of measured and actual concentration values for dieldrin (left) and pyrene 

(right) 

Conclusions 

The study resulted in a very good quantification of both types of POPs, in the ppm concentration range. The 

results indicated the high contribution of water matrix as a source of information on dissolved compounds. This 

work shows potential for further aquaphotomics investigation on the detection of hydrophobic compounds in 

other water-matrices environments, such as soil or biological systems. 

References 

1. Ashraf MA (2017) Persistent organic pollutants (POPs): a global issue, a global challenge. Environ Sci Pollut Res 24:4223–4227. 

2. Tsenkova R (2009) Aquaphotomics: Dynamic spectroscopy of aqueous and biological systems describes peculiarities of water. J 

Near Infrared Spectrosc 17:303–313. 

3. Putra A, Meilina H, Tsenkova R (2012) Use of near-infrared spectroscopy for determining the characterization metal ion in aqueous 

solution. 2nd Annu Int Conf Syiah Kuala Univ - Life Sci Eng Chapter 2:154–158. 

4. Gowen AA, Tsuchisaka Y, O’Donnell C, Tsenkova R (2011) Investigation of the potential of near infrared spectroscopy for the 

detection and quantification of pesticides in aqueous solution. Am J Anal Chem 2:53–62. 

5. Kovacs Z, Bázár G, Oshima M, et al (2015) Water spectral pattern as holistic marker for water quality monitoring. Talanta 147:598–

608. 

6. Muncan J, Matovic V, Nikolic S, et al (2020) Aquaphotomics approach for monitoring different steps of purification process in 

water treatment systems. Talanta 206:120253. 

 



 

- 116 - 

 

Is aquaphotomics suitable for the determination and analysis of 

perfluoroalkyl substances? 

Jelena Munćan 1, Hideyuki Inui 2, Roumiana Tsenkova 1, Takeshi Nakano 3 and Vladimir Beškoski 4,* 

1 Biomeasurement Technology Laboratory, Kobe University, Japan 
2 Biosignal Research Center, Kobe University, Japan 
3 Osaka University, Suita, Japan;  
4 University of Belgrade - Faculty of Chemistry, Serbia;  

* Presenting author and Correspondence: vbeskoski@chem.bg.ac.rs 

Keywords: perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid (PFOS), water electromagnetic 

spectrum 

Introduction 

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) are chemicals that have been extensively used since the 

1950s. Recently, they have been characterized as persistent, bioaccumulative and toxic, with a potential risk to 

the environment and humans [1]. Among PFASs, perfluoroalkyl acids (PFAAs) such as perfluorooctanoic acid 

(PFOA) and perfluorooctane sulfonic acid (PFOS) are the best known. Analysis of the presence of these 

compounds involves extraction from different matrices and the use of sophisticated, expensive instruments such 

as liquid chromatography (LC)–tandem mass spectrometer (MS/MS) [2]. Having in mind that Aquaphotomics 

is based on so called “water molecular mirror approach”, where all the components of the aqueous system and 

surrounding energies influence the water structure, our starting hypothesis is that PFAAs dissolved in water 

will have influence on water electromagnetic (EM) spectrum [3]. To confirm this, near infrared spectra of water 

with various concentrations of PFOA and PFOS, were studied.  

Materials and Methods  

PFOS (>98% purity) was obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). PFOA (96% purity, 

99.9% by GC area) was obtained from Sigma-Aldrich (St. Louis, MO). For the samples of PFOA and PFOS 

were prepared by direct dilution in ultra-pure water from 100 ppm to 10 ppb (Table 1.) The samples were 

prepared in duplicates.  

Table 1. Final concentrations of PFAAs water solutions 

  I group (ppm) II group (ppm) III group (ppb) IV group (ppb) 

PFAAs 100  75  50  25  10  7.5  5  2.5  1000  750  500  250  100  75  50  25  10  

 

The spectra of solutions were recorded using RLA FOSS-XDS spectrometer (NIRSystems, Inc., Hoganas, 

Sweden) in the spectral range 400 – 2500 nm, with the 0.5 nm step at controlled temperature T=28±1°C. For 

each measurement 5 consecutive spectra were recorded. The measurements of all samples were randomized. In 

total 425 spectra for the analysis were acquired. The data analysis was performed following the protocol [3] 

and aquagrams were calculated on spectra preprocessed using extended multiplicative scatter correction.  

Results 

The initial exploration of spectra of PFOS and PFOA water solutions, by comparing and subtracting the 

averaged spectra, revealed distinctive difference in water spectral pattern in the 1st overtone of water (1300-

1600 nm) (Figure 1a). The quantitative analysis was performed separately for each contaminant in water, and 

the accuracy of developed models was compared for different ranges of concentrations (Tab.1) and for different 

spectral regions (700 – 1000 nm, 1300-1600 nm). The quantification model for PFOS was possible to obtain 

for the range 700-1000 nm, for I group range of concentrations (25 – 100 ppm), using raw spectra, resulting in 

the correlation coefficient r2=0.62 and standard error of cross-validation was SECV=20.4 ppm. The 

mailto:vbeskoski@chem.bg.ac.rs
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quantification of PFOA was not possible, which indicated that scattering is the phenomena behind the successful 

modeling of PFOS concentrations (for the range of concentrations 25 – 100 ppm).  

  

Figure 1. Aquaphotomics analysis showed distinctive difference between PFOA and PFOS water 

interaction: (a) Difference between averaged spectra for each contaminant solution and averaged 

spectra of pure water (a, above) and difference between averaged spectra of contaminant solutions 

(a, below); (b) Averaged aquagrams of water solutions of PFOA and PFOS normalized to pure water    

This finding furthered the investigation into the differences in interaction with water of the two compounds. 

Comparison of water spectral patterns using aquagrams (Figure 1b) revealed that PFAAs solutions in 

comparison with pure water, have less hydrogen-bonded and solvation water, while more free, trapped and 

hydration water. High ratio of free water to hydrogen-bonded water was shown to lead to reduction of surface 

tension [4]. The difference between the compounds, is in different types of free water, which in the case of 

PFOA is confined (trapped). The largest difference, however, is in the presence of protonated and hydration 

water in the case of PFOS. Protonated water has a crucial role in self-assembly [5], whereas hydrated water was 

found to be characteristic of micelle hydration [6]. 

Conclusions 

Aquaphotomics investigation showed differences in interaction of PFOS and PFOA with water. For the first 

time, spectral pattern of surfactants in water was identified, and how the differences in water molecular structure 

govern the self-assembly (depending on the type and concentration of compound).   
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Introduction 

Honey is a well-known food and medical product worldwide, used and consumed for its rich nutritional content. 

Honey has a relatively high price on the market, therefore more and more fraudulent activities present related 

to this product. One of the most common adulteration types is the mixture of honey using different sugar syrups 

such as rice, beet, cane, corn and so on. The detection of adulteration of honey with sugar syrups is challenging 

[1]. The aim of this study was two determine the potential of aquaphotomics to detect and quantify adulteration 

of honey with different sugar syrups [2] at low levels. Further aim was to reveal the structural changes of water 

as a result of the adulteration.  

Materials and Methods  

In our study honeydew honey from forest region was used. Rice syrup (RS), F40 corn syrup (FS), and self-

made fructose-glucose (GF) syrup (80% sugar content where ratio of glucose and fructose was 40:60, 20% 

distilled water) was added to honey in different concentrations: 3, 5, 10 w/w%. Control sample was kept at 

37°C until all the crystals dissolved, then mixture samples were prepared, and incubated for 37°C followed by 

mixing to ensure homogenization. Each sample was prepared in three replicates (R1, R2, R3) including control 

and syrup, resulting in 39 samples. Transflectance spectra of the samples were collected using MetriNIR 

benchtop instrument in the spectral range of 740-1700 nm. The layer thickness of the sample in the cuvette was 

0.5 mm, and the cuvette was thermo-regulated at 25°C with the help of water circulation. For statistical analysis 

the spectral range of 1300-1600 region was applied. All the samples were recorded using three consecutive 

scans resulting in nine scans per samples. Spectra was pretreated using Savitzky-Golay smoothing (2nd order 

polynomial, 21 sample points, no derivation) and multiplicative scatter correction was used for the baseline 

shift correction. Principal component analysis was applied to see discrimination patterns and detect outliers, 

while linear discriminant analysis using three-fold cross-validation was applied to reveal the discrimination of 

the samples according to their syrup concentration level. Partial least square regression was used to regress on 

the added concentration levels, where leave-one-sample-out cross validation was applied to validate the models. 

Classic Aquagrams were used to visualize the patterns of the water structural changes using the most 

contributing wavelengths in the PCA, LDA and PLSR models. In the case of all the statistical methods at first 

the models were built using the spectra of the syrups and the control honey to see the spectral pattern of the 

adulterants comparing honey. Then the samples adulterated using the different syrups were analyzed separately 

according to the type of the syrup. The 100% syrup was excluded in the case of RS and FS, but included in the 

case of GF adulterated honeys. Statistical analysis was performed in R-project with the help of the aquap2 

package [3].  

Results 

Results obtained for the model containing only the spectra of the clean honey and clean syrups showed 100% 

classification, so all the syrups could be separated from the control sample based on the LDA models, however 

it should be highlighted that self-prepared GF was the most similar to the original honey ,while aquagrams also 

showed that the GF syrup is more similar to the honey (Figure 1. a). Analysis of the samples adulterated with 
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the syrups showed different results in the case of the three different syrups. Classification accuracies of LDA 

were various according to the syrup type, where the average correct classification of validation was between 

91.1-100%. In the case of FS and RS control sample was classified correctly, while in the case of GF 

misclassification of the control honey sample was found belonging to 3% GF syrup adulterated samples. 

Determination coefficient during PLSR analysis ranged between 0.90-0.96 during validation, where honey 

adulterated using F40 syrup had the highest correlation between original and predicted data and the model of 

honey samples adulterated with GF had the lowest. Aquagrams revealed that the highest differences between 

control and adulterated samples can be found in the range of 1400-1420 region that can be assigned to water 

molecules with less hydrogen bonds and in the range of 1570-1600, that shows that that important differences 

can be found in the sugar content of the samples. Aquagrams also showed that RS and FS syrups are more 

characterized by water molecules with less hydrogen bonds while the water structure of the GF syrup is more 

similar to honey. 

Figure 1. Aquagram after Savitzky-Golay Smooting and Multiplicative Scatter Correction (1300-

1600nm) a) aquagram of the honey and syrup samples b) aquagram of the control and samples mixed 

with F40 syrup 

Conclusions 

Results of our study showed that sugar syrups from commercial origin are more characterized with free water 

molecules. The spectral pattern of the self-made syrup was similar to the spectral pattern of honey which is 

more described by strongly bonded water. Moreover, our results showed that adulteration detection and 

accuracy of classification is depending on the syrup type, therefore it has high importance of analyzing and 

build models using more type of syrup.  
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Introduction 

Meat is a central part of diets around the world and is considered as a primary source of protein across the globe. 

Its misrepresentation could have bad implications from religious and moral perspectives as people have 

different preferences of meat they wish to consume. According to the European Union regulations [1], even if 

different types of meats are mixed through processes such as mincing, their content should be fully labelled in 

accordance with labelling regulations. Requirements such as these have led to the exploration of rapid and 

advanced technologies such as the near-infrared spectroscopy (NIRS). In combination with the novel 

interdisciplinary scientific field known as aquaphotomics, the technique can provide information through 

vibrational bonding in the form of overtones and combination bands, especially in the first overtone of water, 

which can be interpreted with advanced statistical tools. The aim of this study was to apply NIRS and 

aquaphotomics to discriminate different concentrations of meat mixtures. 

Materials and Methods  

Fresh beef and pork thigh were purchased from reputable supermarkets (SPAR) in Budapest, Hungary and 

minced in the laboratory before mixing. Three repeats each of 100%, 97%, 95%, 90%, 85% and 80% w/w 

beef/pork mixtures, were prepared and extracted using three newly developed extraction methods: raw meat 

extraction, frozen extraction and cooked meat extraction. Raw meat extraction: 20g of meat mixture was 

transferred into a 200 mL volumetric flask and filled up to volume with distilled water then homogenized by 

vigorously shaking in the flask for 3 minutes then filtered. Frozen meat extraction method: 20g of raw meat 

mixture was stored by refrigerating at a temperature 5 °C. The samples were removed on the second day of 

storage, thawed by putting into a water bath of 50 °C for 20 minutes and extracted in the same way as described 

for the raw meat extraction method. Cooked meat extraction method: 20g of raw meat mixture was put in a 

cooking pot containing 200 mL distilled water at room temperature, covered with the lid and boiled for five 

minutes at a temperature between 150-200°C using a commercial electric hot plate (Sencor, SCP 1502SS) then 

filtered. Dilutions of 1% w/v aqueous dilution were prepared for each mixture using the obtained filtrates. 

Spectra collection was done using the MetriNIR (MetriNIR Research, Development and Service Co., Budapest, 

Hungary) and a thermoregulated cuvette of 0.4 mm layer thickness. Three consecutive spectra of each minced 

meat mixture (without extraction) were collected at room temperature. Three consecutive transflectance spectra 

of each diluted meat mixture was also collected after extraction with the three different extraction methods. 

Raw spectra inspection was performed and principal component analysis (PCA) was used to detect and remove 

outliers before classifying the different meat mixtures using linear discriminant analysis (LDA) at a wavelength 

range of 1300-1600 nm. Three-fold cross-validation was used to evaluate the predictive significance of the 

developed models. Aquagrams were also developed to visualize water spectral patterns of 80%, 90% and 100% 

w/w beef/pork mixtures. 

Results 

When the raw minced meat mixture extracts were visualized in PCA, the wavelengths 1346, 1466 and 1516 nm 

contributed most in the PCA loading vectors. Using LDA to classify the different meat mixtures, there was 

average recognition accuracy of 83.33% and average prediction of 80.99%. Only the 80% w/w and 85% 

beef/pork mixtures yielded 100% correct classification with cross-validation from the rest of the samples. There 
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were misclassifications between 90%, 95%, 97% and 99% beef/pork mixtures. When the diluted meat extracts 

from the raw extraction method were visualized in PCA, the wavelengths 1404, 1372, 1466 and 1516 nm 

contributed most in the PCA loading vectors. Using LDA to classify the different meat mixtures, there was 

average recognition accuracy of 89.69% and average prediction of 85.72%. Beef/pork mixtures of 90%, 95%, 

99% and 100% yielded 100% classification accuracy with cross-validation. There were misclassifications 

between 80%, 85% and 97% beef/pork mixtures. When the diluted meat extracts from the cooked extraction 

method were visualized in PCA, the wavelengths 1404, 1400, 1522 and 1534 nm contributed most in the PCA 

loading vectors. Using LDA to classify the different meat mixtures, there was average recognition accuracy of 

89.68% and average prediction of 44.49%. All the diluted meat extracts showed misclassifications. When the 

diluted meat extracts from the frozen extraction method were visualized in PCA, the wavelengths 1404, 1400, 

1466 and 1522 nm contributed most in the PCA loading vectors. Using LDA to classify the different meat 

mixtures, there was average recognition accuracy of 97.62% and average prediction of 60.37%. All the diluted 

meat extracts showed misclassifications. The identified wavelengths in the PCA loading vectors also, proved 

vital for visualizing water spectral patterns in 100%, 90% and 80% w/w beef/pork mixtures (Figure 1). 

 

 

Figure 1. Aquagram plots from the analysis of minced unextracted raw meat mixtures (A), extracted 

minced meat using the raw meat extraction method (B), cooked meat extraction method (C) and 

frozen meat extraction method (D) 

Conclusions 

Using the aquaphotomics approach with 1%w/v dilution, NIRS could discriminate 100%, 97%, 95%, 90%, 85% 

and 80% w/w beef/pork mixtures. The samples extracted using the raw meat extraction gave classifications 

accuracies that were even better those achieved were the raw minced meat mixtures were scanned. The 

wavelengths 1404, 1372, 1466 and 1516 nm contributed most in the PCA loading vectors using this method 

and also, in aquagrams. 
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Introduction  

Fruits and fruit products play a very important role in the human nutrition, they are very good sources of 

compounds with positive physiological effect. Plums are one of the most important stone fruits, they can be 

found on the market shelves, both fresh or processed. Plums are particularly sensitive and perishable fruits that 

ripen quickly after harvest, resulting in a short postharvest lifespan. The shelf life of these fruits is about 2-6 

weeks [1]. The rapidness and quality of complex changes during ripening, harvesting, and storage are highly 

dependent on environmental influences such as temperature, humidity, microbiological contamination, and 

treatment. It is not uncommon for these changes to adversely affect the physicochemical and organoleptic 

properties of fruits. Monilinia species causing brown rot on fruits during fruit cultivation, harvesting, or storage 

can result in losses of up to 80% under favorable environmental conditions for the fungus [2]. Rapid and non-

invasive near-infrared (NIR) spectroscopy-based methods are becoming widespread in the determination of 

physiological condition and certain quality traits of fruits in addition to empirical and/or laboratory-based, often 

destructive and costly techniques. Change in ambient conditions or infection on the fruit result in alterations 

that are initially invisible to the naked eye, but can be identified from the spectral patterns [3]. Due to the 

naturally high water content of fruits, thusly plums, the “water mirror” approach of aquaphotomics is 

presumably suitable for mapping the differences that occur [4, 5]. Our research focused on monitoring changes 

in plums during storage. The study aimed to apply NIRS and aquaphotomics for monitoring of quality change 

of fruits stored under different conditions and early detection of Monilia fructigena infection.  

Materials and Methods  

The plums were divided into two groups for refrigerated and room temperature storage, and their surface was 

disinfected. About 1 cm of cut was applied to the surface of one-third of the plums with a sterile knife and was 

infected with Monilia fructigena fungal mycelium. The second third of the plums were infected on the fruit 

surface without injury. The remaining third was left intact, these formed the control group. Five parallel sample 

preparations were performed per sample group. The resulting 30 plum samples (i. e. 2 × 3 × 5) were subjected 

to NIR-based analysis. The spectral data were collected with a NIR-S-G1 (InnoSpectra Co., Hsinchu, Taiwan) 

hand-held reflectance spectrometer in the wavelength range of 900-1700 nm. Spectra were recorded along the 

vertical axis of the fruits (from stalk to apex) at five measurement points. Three consecutive scans were recorded 

at each measurement point. The measurements were performed twice daily for eight days. A total of 450 sample 

spectra (i. e. 30 × 5 × 3) were collected per measurement occasion. The data were evaluated in the wavelength 

range of 1300-1600 nm after combined spectral pretreatments. Exploratory principal component analysis (PCA) 

was used to map the patterns and to identify outliers in the data. Soft independent modeling of class analogies 

(SIMCA) was applied as supervised methods to discriminate and classify samples. Aquagrams were constructed 

to illustrate the trends hidden in the data.  

Results  

Visible signs of Monilia infection were observed after two days only on plums with injured surfaces and stored 

at room temperature. The results showed high variability, therefore the constructed models had to be optimized 
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in each case using different spectrum pretreatment methods. It was confirmed by PCA that the location of the 

spectrum acquisition on the plums was also influential, so it was worth examining them separately. In this way, 

it was possible to determine which measuring points on the surface of the fruits were the most suitable to 

discriminate storage time or sample groups. The SIMCA interclass distances indicated demonstrably large 

differences between infected plums stored under different conditions. Of all sample groups, the largest interclass 

distances were detected in the results of injured plums. However, there was no incontrovertible 

distinguishability within sample groups. The spectral patterns of plums showed a dynamic change over the 

storage time. The similarity in the patterns was that the plums initially showed markedly low absorbance around 

1512 nm, which can be attributed to the absorption band of strongly bound water molecules. In the range of 

1411 to 1489 nm, the absorption gradually decreased. The absorbance of plums stored under refrigerated 

conditions increased between 1365 and 1384 nm (Fig. 1a), while samples stored at room temperature behaved 

oppositely (Fig. 1b).  

 

Figure 2. Aquagrams of plums infected with Monilia through injury stored at refrigerated (a) and 

room temperature (b)  

Conclusions  

In the present study, the alterations caused by Monilia fructigena fungal infection were monitored in plums. 

The research results are of both economic and scientific significance, as postharvest technologies and Monilia 

infection can cause large losses and there are few scientific sources on the use of rapid analytical methods in 

this area, especially for plums. There were detectable changes in plums during storage. Due to the natural 

variability of the fruits, it would be worthwhile to conduct further experiments with larger sample size.  
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Introduction 

Aquaphotomics is a relatively novel scientific discipline which can be used for elucidation of structural and 

related functional properties of aqueous systems [1]. The aim of this study was to analyse water solutions of 

carbohydrates of different size from monosaccharides (glucose and fructose) via, disaccharides (sucrose), gluco 

and fructo-oligosaccharides and various selected polisaccharides (based on glucose and fructose, respectively) 

using Aquaphotomics [2,3]. Knowing that main functions of carbohydrates within our body are various: 

providing energy and regulation of blood glucose; sparing the use of proteins for energy; breakdown of fatty 

acids and preventing ketosis; biological recognition processes; flavor and sweeteners and dietary fibers who 

can promote digestive health, knowledge about their interaction with water molecules can have strong influence 

on our understanding of some basic but also complex metabolic processes.       

Materials and Methods  

The following carbohydrates were prepared for near infrared spectroscopy measurements by direct dilution: 

monosaccharides (D-glucose and D-fructose), disaccharide (sucrose which is composed of two 

monosaccharides: glucose and fructose), GOS – gluco-oligosaccharide (oligosaccharide based on glucose), FOS 

– fructo-oligosaccharide (oligosaccharide based on fructose), and polisaccharides (pullulan - polysaccharide 

based on glucose units; inulin - polysaccharide based on fructose units; levan - polysaccharide based on fructose 

units). Solutions of carbohydrates were prepared in ultra-pure water in concentrations 2, 4, 8, 6 and 10 g/L. 

 

The spectra of solutions were recorded using RLA FOSS-XDS spectrometer (NIRSystems, Inc., Hoganas, 

Sweden) in the spectral range 400 – 2500 nm, with the 0.5 nm step at controlled temperature T=28±1°C. For 

each measurement 5 consecutive spectra were recorded. The measurements of all samples were randomized. In 

total 615 spectra for the analysis were acquired. The data analysis was performed following the aquaphotomics 

protocol [4] which included spectral exploration using subtracted spectra and principal component analysis 

(PCA), while supervised classification analysis Soft independent modelling of class analogies was used to 

inquire about the differences between different types of sugar at each concentration level.  

Results 

The averaged spectra for each sugar separately (calculated by averaging of all spectral replicates, spectral 

consecutives and concentrations) from which the average spectrum of pure water was subtracted are presented 

in Fig.1. These difference spectra show distinct features for each of the examined sugars, but compared to pure 

water have in general less free water (~1410 nm), and more hydrogen bonded water (~ 1580 nm), meaning that 

all the sugars are acting like structure-making agents. The peak at 1410 nm shows - increase in the negative 

value in the order of the polysaccharide – oligosaccharide – disaccharide – monosaccharide, and also a red shift 

– shift of the peak towards the longer wavelengths which shows differences in water organization depending 
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on the sugar type – from free water to water involved with hydration (~1416 nm). The differences are most 

pronounced in the regions indicated with red squares on Fig.1.    

    

The results of SIMCA analysis for each concentration level showed 100% accuracy of discrimination even for 

the lowest concentrations spectral dataset, for which the interclass distances were the lowest, however still large, 

in the range 2.49 to 21.57 (the average being 6.91), which shows reliable separation of classes. The exploration 

of discriminative powers from each SIMCA model showed the most important wavelengths in the spectra of 

sugar solutions for discrimination between sugars, at each concentration level (Fig. 2). With the increasing 

concentration of sugars, the discriminating powers showed larger values, particularly large in the region 1610-

1760 nm, at the same, particular bands, traditionally associated with the vibrations of carbohydrates [5].  

 

  

Figure 1. Structural changes of water induced by 

different sugars – difference spectra. 

Figure 2. SIMCA analysis – discriminative powers of 

SIMCA models built for classification of sugars at each 

concentration level separately. 

 

However, the region 1310 – 1530 nm, associated with the water molecular vibrations showed subtle shifts of 

the absorbance bands and the changes in the ratios of the sub-bands indicating that water molecular structure 

rearranges specifically depending on the sugar and concentration together, and that this spectral region shows 

the cooperative effect as reported in a recent literature [5].  

Conclusions 

Bacterial exopolysaccharides, such as levan can acts as an antiviral, antioxidant, antitumor and anti-

inflammatory agent. Fungal exopolysaccharides including pullulan, has shown unique structural and 

physicochemical properties, providing high water solubility, low biodegradability and good fiber and film 

forming capacity. Near infrared spectroscopy study of these molecules can lead to a better understanding of the 

hydration of carbohydrates and the related functionality in many areas of applications: food industry, medicine, 

cosmetics, pharmacy, agriculture, environmental protection, etc. It should be emphasized that for example, it is 

known that the plants accumulate some of these sugars as a part of the stress response to cold or dehydration. 

Heaving in mind climate changes and growing demands for food on our planet, studies in the field of interaction 

of carbohydrates and water using aquaphotomics can help us in the field of biotechnology for the production of 

novel more resilient plant species. 
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Introduction 

The surface environment of icy moons is governed by ice, salt, and hydrogen-bonded materials consisting of 

water ice and various salts. Europa, a Jupiter's moon, has a relatively young surface with many complex cracks 

and ridges, indicating that the geological surface is active. On Saturn's moon Enceladus, cracked terrain is also 

observed. As several explorations and observations have revealed candidate constituents on the icy moon 

surface [1], the main constituent salts are a combination of four different ions (Na+, Mg2+, Cl-, SO42-): for 

example, magnesium sulfate hydrates (epsomite MgSO4•7H2O and meridianiite MgSO4•11H2O), magnesium 

chloride hydrates, and sodium sulfate hydrate (mirabilite Na2SO4•10H2O). In contrast to the knowledge of the 

constituent materials, the interaction between water and salts in the constituent materials, such as the crystal 

states that reflect the actual surface environment conditions in detail, has not been considered well. In fact, the 

surface environment is expected to be locally diverse due to heat transport in the inner ocean, effects from 

material circulation, and reactions caused by radiation from space to the surface [2]. The hydration number of 

magnesium sulfates and chlorides may be changed, and the hydration state may differ from the stable phase. 

  

In this case, it is significant to focus on the hydrogen-bonded materials that constitute such diverse surface 

environments because the surface environment assumed by the known parameters of surface temperature and 

constituent materials is not sufficient to understand the geological activities occurring on the surface. The 

molecular interactions observed by terahertz spectroscopy, which can identify salt crystal polymorphs and 

reveal their ordered structures [3], can reveal how the solid surface materials are assembled and what kind of 

aggregates they form. In this study, we focused on the salt hydrates that are the basis of the solid materials that 

compose the surface environment of icy moons like Europa and Enceladus, and investigated the possibility of 

their evaluation by terahertz spectroscopy using sulfate and chloride salts for systematic comparison. 

Materials and Methods  

MgSO4•7H2O and MgCl2•6H2O were purchased commercially. The anhydrate sample of MgSO4 was prepared 

by heating MgSO4•7H2O at 260°C for 30 minutes under vacuum. The sample of MgCl2•2H2O was prepared 

by heating MgCl2•6H2O at 140°C for 20 minutes under vacuum. 

 

The powdered samples were packed into carousel cells, and the carousel was placed in the Raman measurement 

holder. Low frequency Raman experiments were performed at room temperature in the range of 50-1500 cm-1 

by DXR Smart (Thermo Fisher Scientific Inc.). The spectral resolution was 5 cm-1 and the wavelength and 

power of the laser was 780 nm and 150 mW, respectively. Scan times was 5 times and exposure time in each 

scan was 60 s. After the measurement, reduced Raman process [4] was applied to the obtained spectra especially 

in the low frequency region by reducing the effect of thermal excitation. The hydration number of epsomite, 

anhydrous salt, and hydrated MgCl2 samples was confirmed because the peaks corresponding to the anionic 

mode were good agreement with those in previous studies [5, 6]. 

Results 

In Epsomite, two peaks were mainly detected around 65 and 255 cm-1, while in MgSO4 anhydrous salt, no clear 

peak around 65 cm-1 was detected. In MgCl2•6H2O, there was a broad peak around 200 cm-1 and a clear peak 
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at 64 cm-1. In contrast, in MgCl2•2H2O, there were two peaks with different widths and intensities from those 

of hexahydrate and an additional peak at 130 cm-1 were identified. 

 

For the region of 100-300 cm-1, the observed peaks are related to cations and anions. In epsomite, broad peak 

around 255 cm-1 is attributed to O-H···O of sulfate ion [7]. On the other hand, the peak around 200 cm-1 of 

MgCl2•6H2O is considered to be due to the low wavenumber shift caused by the difference in anions in 

comparison with the results in sulfates. Furthermore, below 100 cm-1, the peak at 64 cm-1 of MgCl2•6H2O 

was shifted to lower wavenumber and was sharper than that of epsomite. The differences between MgSO4 and 

MgCl2 can be attributed to the charge density and size of the anions. In the case of SO42-, the high charge 

density anion affects the ion-water electrostatic interaction, which includes ion-dipole interactions and ion-

water molecular interactions. In the case of Cl-, which is a low charge density anion, hydrogen bonding between 

water and anion is considered to be the main interaction [8]. At the peak position, MgSO4 became high 

wavenumber due to the effect of high charge density. In MgCl2, since Cl- has a small ionic radius and spherical 

symmetry, its motion is simple and the peak is sharp. 

 

In addition, a strong peak around 65 cm-1 was observed only for those with a large hydration number, indicating 

that water molecules are involved in this mode. In terms of the hydration number of MgCl2, the peak intensity 

ratio of around 65/200 cm-1 changes according to the hydration number. As the hydration number increases, 

the peak of Cl- ion around 200 cm-1 becomes weaker and the peak around 65 cm-1 becomes stronger. This 

reinforces the fact that the peak near 65 cm-1 is related to water. These results suggest that the hydration state 

can be estimated from observations in the low wavenumber region, especially for Mg salts. This finding is 

expected to be useful for understanding the complex hydration conditions on the surface of ice moons. 

Conclusions 

The Mg salt hydrates showed a relatively strong peak around 65 cm-1, and the intensity ratio of peaks around 

65 to 200 cm-1 depends on the number of hydrations. This indicates that the discrimination and quantitative 

evaluation of multiple types of salts can be done simultaneously. By using them to develop measurements of 

other salts and frozen brines, we can provide constraints from laboratory-based spectroscopic experiments on a 

number of chemical reactions that are likely to occur in the surface environment of actual icy moons prior to 

future exploration. 
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Water activity is a standard parameter used in food studies to describe the water properties in the food matrix, 

traditionally defined as the amount of free water in the system. The analysis results reveals that other water 

species also potentially affect the water activity value. As particular water species provide different features, 

only measuring water activity is not enough to investigate water interaction in foodstuffs specifically. Using the 

Aquaphotomics approach to explore the water interaction in food could further explain the relationship between 

water and food degradation.  
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Introduction 

Water is the essential molecule, providing significant relationship to the change in food substance. While, water 

activity is a widely used parameter to describe the properties of water in food. The aims of this study are to 

investigate the relationship between water activity and the water in foodstuffs through Aquaphotomic approach 

to better understand about water activity and the properties of different water species. 

Materials and Methods  

This study includes spectral data collection and water activity measurement from various type of systems, 

including coffee powder, grain, cracker, butter, bread and grape. NIR spectra were collected using MicroNIR 

spectrometer (Viavi Solutions, formerly JDSU, USA) (900 – 1700 nm) with 5 consecutive measurements per 

one measurement point. The water activity value of the samples was measured with the water activity meter 

Aqualab 4TE (Decagon Devices, Inc., Pullman, WA, USA) at the room temperature, set at 25ºC. 

Results 

The average SNV spectra presented the blue-shift, the absorbance shift to the shorter wavelength region, as the 

water activity increase. Higher water activity system has more energy in the water matrix in general. 

 

The PLSR results reveal that water spectra change in 1421 – 1430 nm, water hydration band (C6), and water 

solvation shell in 1448 – 1454 nm (C8) showed a negative correlation with water activity in all cases. While the 

water spectral change in 1472 – 1482 nm and 1482 – 1495 nm, water molecules with 3 and 4 hydrogen bonds, 

respectively, showed a positive correlation with water activity in all cases. 

 

The water spectral change in 1398 – 1418 nm, the free water region, was generally positively correlated to water 

activity, and always opposite to the protonated water in the C3. The protonated water in C3 mostly showed a 

negative correlation with water activity, except in the coffee powder data set, representing the change at a low 

water activity level.    
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Table 1. The trend of correlation between each defined water bands, C1 to C12, to the measured water 

activity data. The results were acquired from the water activity regression vector using PLSR analysis 

with raw spectra in the water 1st overtone region, 1300 – 1 

 

Conclusions 

Water activity is a parameter describing the water matrix, just like pH that describe protons in the system. 

According to the analysis, as the water activity getting higher, the water spectra shift to the higher energy region. 

The water hydration, C6, showed negative correlation with water activity. While, C10 and C11 always provided 

positive correlation. 

 

In general, free water showed positive correlation to the water activity, but it was not the case for very low 

water activity level. However, it was found that the change trend of free water and protonated water in C3 was 

in the opposite. 
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WAMACS C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12

Range, nm
1336-

1348nm

1360-

1366nm

1370-

1376nm

1380-

1388nm

1398-

1418nm

1421-

1430nm

1432-

1444nm

1448-

1454nm

1458-

1468nm

1472-

1482nm

1482-

1495nm

1506-

1516nm
Aw range

All samples + - - + + - + - - + + - 0.09 - 0.96

Coffee powder - + + + - - - - + + + - 0.15 - 0.32

Cracker + - - + + - - - + + + + 0.09 - 0.64

Grain + + - - + - + - + + + + 0.48 - 0.66

Butter + - - - + - - - - + + + 0.90 - 0.96

Bread + - - + + - - - + + + + 0.93 - 0.96
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Introduction 

Rebaudioside (RA) as the main component of stevia rebaudiana is a new sugar with wide application in the 

pharmaceutical and food industry. However, it is easy to adsorb water which would increase the viscosity, 

making it difficult in formulating the right formulation. Therefore, it is necessary to understand the state of 

water which is absorbed by RA. In order to reveal the adsorption mode and bonding of water, near-infrared 

spectroscopy diffuse reflectance analysis technology combined with aquaphotomics[1] were used to analyze 

the moisture absorption process of RA.  

Materials and Methods  

A RA sample was dried at 105 oC for 6 h. Then it was transferred into a constant temperature (26±1℃) and 

humidity (40±1%) environment for 4 h. The sample was taken out to collect spectra at different time points in 

the moisture absorption process. The spectra were analyzed by aquaphotomics methods, second derivative, 

principal component analysis [2] and two-dimensional correlation spectrum (2D-COS) analysis[3] to clarify the 

way of water molecule adsorption.  

Results 

Figure 1a showed that score 1 represented the whole adsorption process. Surface water molecules (1921 nm in 

the loading plot figure 1b) quickly adsorbed on the surface of RA powder to form a monomolecular layer at the 

beginning. When the surface adsorption sites are about to be saturated, the rate of moisture absorption slowed 

down. Figure 1c showed that as the time went by the bond water begin to increase from 2 h later, which could 

be find in the loading plot in Figure 1d (1944 nm). 

 

Figure 1. Scores and loadings of the first two principal components in the combination bands of OH. 

(a) and (c) Scores plot of PCA analysis; (b) and (d) Loading plots of PCA analysis.   
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In order to investigate the sequence of structure changes in detail during the adsorption process, 2D-COS was 

introduced to find the rules different water changed during the process. From Figure a1 and b1, it could be 

found that redshift occurred at the auto peak from 1911 nm to 1936 nm at the 1st h and the 3rd h, respectively. It 

meant that more hydration bonds were formed, and bonded water played important role gradually. In Figure c1, 

the auto peak position was 1936 nm which demonstrated that the adsorption was saturated. 

According to Noda rules[4], it could be concluded that during the first hour the changes at 1991 nm was faster 

than that at 1890 nm, which indicated that surface water was formed easily compared to free water. During the 

next two hours, the structural change at 1944 nm was slower than 1905 which still proved that surface water 

played the major role. And at the finally stage, no relative peaks were identified which indicated that no 

structural changes occurred and it could be the saturated point for RA. 

 

Figure 7. Synchronous (1) and asynchronous (2) 2D correlation spectra of the first hour (a) the middle 

two hours (b) and the last hour (c) of the RA moisture absorption process. The red solid line represents 

the positive sign, and the blue dotted line represents the negative sign. 

Conclusions 

In this study, near infrared spectroscopy was used for the first time to characterize the water changes during the 

moisture absorption of RA in order to help us to understand the RA adsorption process. It could be useful for 

take some measures to avoid moisture absorption in the future. 
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Introduction 

Water is everywhere, in living cells and around them. It carries with it the information of its soluble particles 

and its environment in the form of molecular conformations. Yunosato Spa Center has already established 

production of yogurts and cosmetics, using these molecular conformations.  That is why we at Yunosato 

Aquaphotomics Lab began researching ways of preserving and extracting that vital information of water by 

vacuum heating and blending methods, for the purpose of developing new food and skin products. As a quick 

and non-invasive evaluation and understanding, NIRS and Aquaphotomics have been applied. 

Materials and Methods  

In this study 3kg of Yunosato yogurt was placed inside FEC. Vacuum drying unit at 1000C with vapor reaching 

up to 400C. After extracting the water, it was then blended with Bulgarian rose water and Yunosato’s 

TsukinoShizuku mineral water. After choosing from many blended ratios, the most prominent ones were 

cultivated on Obbi’s FC bio-checker tubes, each one with 4 types of media designated for total count of 

bacterial, Escherichia coli, Staphylococcus Aureus and mold / yeast. Subsequent to incubating the bio-checkers 

for 5 days at 300C, their spectra, together with the spectra of the water samples at 360C, were measured using 

MicroNIR 1700ES spectrometer, while applying temperature control with a water bath. Also results from 

reference data, such as pH levels, electrical conductivity, total dissolved solids and salinity were monitored. 

Results 

On aquagram the spectral patterns of the 2 types of Yunosato yogurts were observed, distinguishing their 

probiotic content, where Yogurt N.2 having only Bacillus bulgaricus displayed more hydrogen bonded water, 

with more hydronium ions and free water molecules, while Yogurt N.7 consisting of both Japanese and 

Bulgarian probiotics displayed higher probiotic activity.  

 

By also examining the spectral patterns of the water samples, it was possible to observe yogurt BFW (bio-

functional water) sharing partly the characteristics of its original yogurt product, with main differences at 1300-

1600nm seen as higher absorbance of bands related to free water molecules, hydronium ions and small water 

clusters. 
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When looking at the 360C samples, simulating as if at body temperature, yogurt BFW was seen with most water 

activity, while Rose blend had most strongly bounded water. Between them was the chosen Yogurt-Rose blend 

with a rich spectral pattern, including high absorption at 1438nm (H3O+), 1444nm (S1) and 1464nm (protein 

synthesis). 

 

Visible cultures were observed only on the media designated for total bacteria count with yogurt BFW, 

suggesting that the preserved yogurt characteristics offer a good environment for microbial metabolism, while 

no cultures developed on the Yogurt-Rose blend media, showing inhibition of bacterial growth (Figure 4).  

 

The above findings, together with the already known effects of rose water and its antiseptic, anti-inflammatory, 

anti-bacterial, antioxidant and anti-aging properties, proposed that our blend, when applied on skin, should 

provide a rich and balanced functionality, suitable for various skin types and situations, while leaving a pleasant 

smell that in several studies has shown to relax the central nervous system in mice. 

Conclusions 

By successfully preserving some of the characteristics of Yunosato yogurt in its extracted water and blending 

it with a chosen Yunosato and rose waters ratio, while monitoring their spectral patterns via Near-Infrared 

Aquaphotomics, a possible new natural cosmetic product with many beneficial effects was developed. 
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For understanding the role of water in the temperature-sensitive hydrogel phase transition system, aqueous 

solution of poly (N,N- dimethylacrylamide)40-b-poly(diacetone acrylamide)50-poly(N,N-dimethylacrylamide) 

40 (PDMAA40-b-PDAAM50-b-PDMAA40) amphiphilic triblock copolymer with different concentrations 

were synthesized and prepared. Sol-gel transition will happen upon heat. Temperature-dependent near-infrared 

spectra were got from 30 to 68 ℃. The spectra were processed by continuous wavelet transform (CWT) to 

confirm different peaks. Principal component analysis (PCA) was used to study the structural changes of 

polymer and water with temperature. The Second principal component of PCA results show that the water 

species with one hydrogen bonds (S1) changes near lower critical solution temperature (LCST) at the 

concentration of 15 wt%, 20 wt%. The turning point in PCA analysis was earlier at the concentration of 30 

wt%. Through the analysis of PCA, it was found that there was a weak interaction between water and polymer 

and the S1 water was the main component. Concentration effects were also observed that as the concentration 

increased, the turning point of S1 water changed earlier, which corresponded to the LCST of polymer. 

Keywords: Thermo-sensitive hydrogel   Continuous wavelet transform   Principal component analysis  

Introduction 

In recent years, the temperature induced phase transition of water gel system has attracted widespread attention. 

In this work, we explored the interaction between water and polymer in this system by using near-infrared 

spectroscopy of temperature change, and found that there is weak binding between water and polymer, which 

is dominated by water S1. 

Materials and Methods  

According to the method in the literature [2], the polymers were synthesized and different concentrations of 

solutions were configured. The structural formula is shown in Figure 1(a). 

 

All near-infrared spectra are measured on a Vertex 70 multi-band near-infrared spectrometer (Bruker, 

Germany). The NIR spectra of PDMAA20-PDAAM50-PDMAA20 polymer aqueous solutions with three 

concentrations (15wt%, 20wt%, 30wt%) at 30 ~ 68°C (2°C interval) were measured, as shown in Figure 1b. 

 

CWT and PCA will be all carried on MATLAB. 

 

Figure 1. (a): structural formula of PDMAA20-PDAAM50-PDMAA20. (b): Measured raw spectrum. 
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Results 

The CWT results were shown in figure 2. And Second principal component of the PCA in range of 7400-

6200cm-1 results were shown in figure 3. 

 

Figure 2. Transformed spectra of different concentrations in the range of (a):7400-6200cm-1. (b):6000-

5600cm-1. 

In Figure 2(a), two negative peaks at 7101 and 6814 cm-1 correspond to water S0 and water S2. In Figure 2(b), 

two negative peaks at 5952 and 5900 cm-1 correspond to the absorption 2ν3 of the C–H bond in CH3 and 

CH2, respectively. 

 

Figure 3. The Second principal component of the transformed spectra with different concentrations 

of (a1)15wt%, (a2)20wt%, (c) 30wt% and their scores (b1-b3). 

As shown in figure 3, the negative peak at around 7000 cm-1 corresponds to water S1 according to the 

literature[1]. 

Conclusions 

 Temperature-dependent NIR spectra were used for analyzing the structural variation of water and polymer. 

CWT processed spectra were used to confirm the attribution of peak position. The weak interaction was found 

in the second principal of PCA. The turning point appears at a higher temperature at low concentrations and 

get a lower temperature at a high concentration. Meanwhile, the loading show water S1 was the main 

component in weak interaction. Therefore, Water may be an effective probe for research thermo-sensitive 

hydrogel phase transition system.  
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Temperature-dependent near-infrared (NIR) spectroscopy has been developed to analyze water structures in 

aqueous systems. However, it is difficult to obtain information from the spectrum to understand the temperature 

dependence due to the overlapping of the spectra. This paper presents a method to select the temperature - 

dependent variable (wavenumber) from the NIR spectra at different temperatures. 

Keywords: Near-infrared spectroscopy; Aquaphotomics; Temperature; Variable selection;  

Introduction 

Temperature-dependent near-infrared (NIR) spectroscopy has been developed and taken as a new technique for 

aquaphotomic studies to analyze water structures in aqueous systems [1]. It has been found that the interaction 

mode of water and ethanol can be effectively studied by temperature-controlled near-infrared spectroscopy [2]. 

It is revealed that glucose promotes the formation of regular water structure [3,4].To elucidate the gelation 

process of proteins and the role of water structure [5]. However, due to the complexity of water characteristic 

spectrum in temperature-controlled near-infrared spectroscopy, it is difficult to obtain information from the 

spectrum to understand the effect of temperature on water structure. In order to investigate the temperature 

dependency, particular attention is paid on selecting temperature-related variables (wavenumbers) in 

temperature-dependent NIR spectra in this study [6]. A method was proposed by combining continuous wavelet 

transform (CWT) with uninformative variable elimination with Monte Carlo re-sampling (MC-UVE). CWT is 

adopted to calculate the spectral components with different frequency to expand the variables into multi-fold. 

Then the importance of the variables in these spectral components was evaluated by MC-UVE in the 

quantitative model of temperature. Therefore, the temperature-dependent spectral variables can be obtained by 

the proposed method, which can be used to study the structural changes of water for understanding the 

characteristics of the aqueous solutions.  

Materials and Methods  

Glucose, NaCl and human serum albumin (HSA) are of analytical grade and purchased from Concord 

Technology Co., Ltd. Tianjin, China. Double distilled water was used for preparation of the solutions. The 

concentrations of NaCl and HAS aqueous solution are 5.8 and 5 g L-1, respectively, and the concentrations of a 

series of glucose solutions are 20, 40, 60, 80 and 100 g L-1. The temperature in the experiment was controlled 

by a model 2216e temperature controller (Bruker Optics Inc., Ettlingen, Germany). The temperature changed 

from 30 to 60 ºC with a step of 5 ºC. All NIR spectra were measured from 4000 to 12000 cm-1 (833-2500 nm) 

by a Vertex 70 spectrometer (Bruker Optics Inc., Ettlingen, Germany), using a cuvette of 1 mm. A tungsten–

halogen light source and InGaAs detector were used. The spectra are digitalized with ca. 4 cm-1 interval in 

Fourier transform. To increase signal to noise ratio, both air reference and the spectra were measured with scan 

number 64. Simulated datasets were designed to validate the proposed method. Gaussian functions were used 

to generate the peaks in the simulated spectra. 

Results 

Fig. 1 (a) and (b) show the simulated spectra of one peak varying with temperature, and its CWT calculation 

with different scales. With the decrease of the scale parameter, a positive peak corresponding to the simulated 

spectral peak emerges with the sidelobes. With the transformed spectra of different temperature, the stability, 



 

- 138 - 

 

as shown in Fig. 1 (d), can be obtained by MC-UVE, which indicates the significance of the spectral change 

with temperature. Compared with the standard deviation of the simulated spectra shown in Fig. 1 (c), which 

also shows the variation of the spectra with temperature, the position of the largest stability is consistent with 

that of the peak in the profile of the standard deviation. Furthermore, there are also areas with larger stability in 

the figure, which is clearly consistent with the position of the negative sidelobes in Fig. 1 (b). Therefore, the 

variables in the transformed spectra that have a strong temperature dependency can be found by the method. 

Consist result was obtained for more peaks in the simulation. It should be noticed that the figure looks like a 

fountain, spreading the overlapping peaks in the spectra, thus it is named as fountain graph in the following 

discussions.  

 

In a fountain graph for aqueous solutions, the dependency of all the variables in the transformed spectra of all 

the CWT scales was shown. In order to select less variables, the variables with larger stability in one scale can 

be used as a representative. Fig. 2 shows the transformed spectra of water by CWT with scale 30 and the location 

of the variables with largest stability in each “water stream” for water and the solutions. Comparing the 

wavenumbers of the selected variables, it can be found that they are located at similar but not identical positions 

for different solutions. The results can be used for discrimination of the solutions. Moreover, it can be seen that, 

compared with the variables of water, those of NaCl, glucose and HSA are at larger, similar and smaller 

wavenumbers, respectively. The result may be accounted for by that NaCl is capable to promote the formation 

of hydrogen bonds in the solution, HSA destroys the hydrogen bond network of water, and glucose is mild to 

the water structure [5,7,8]. Therefore, the selected variables can be used to reflect the effect of the solutes on 

water structure and distinguish these solutions. 

 

 
 

Figure 1. Result of (a) simulated spectra, (b) 

CWT-transformed spectra, (c) spectrum of the 

first temperature (grey) and the standard 

deviation (red) of the spectra, and (d) fountain 

graph. 

Figure 2. CWT-transformed spectrum with 

scale = 30 and the selected variables for the 

samples of water, NaCl, glucose (20 g L-1) and 

HSA.  

 

Conclusions 

A method for selecting the temperature-dependent variables from the temperature-dependent NIR spectra was 

developed, combining CWT and MC-UVE. The selected variables reflected the water structure in aqueous 

solutions, and thus the variables are informative to discriminate the samples. The method may provide a tool to 

identify the characteristic variables in NIR spectra for understanding the function of water in aqueous systems.  
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Heavy metal ions have been an increasing serious pollutants as the development of industries. Developing rapid 

and simple detection methods for the heavy metal ions in water environment became special issues. Membrane 

enrichment technology combined with ultraviolet visible (UV-Vis) diffuse reflectance spectroscopy were used 

to measure the trace Cu2+ and Co2+. Different preprocessing and variable selection methods were investigated 

and then partial least squares (PLS) model were built. The results show that UV-Vis spectroscopy combined 

with membrane enrichment can simultaneously determinate of trace amounts of Cu2+ and Co2+ in aqueous 

solution. 

Keywords: UV-visible diffuse reflectance spectroscopy; heavy metal ions; membrane enrichment; 

simultaneous detection; partial least squares  

 

Introduction 

Heavy metal is one of the serious water pollution sources. It is of great significance to develop efficient, rapid 

and simple detection technology of heavy metal ions. Due to the rapid detection, simple operation and low cost, 

UV-Vis is a good selection for heavy metal ions detection [1,2]. However, it is difficult to determine trace heavy 

metals by UV-Vis because of its the lower sensitivity and overlapped peaks. Membrane technology [3], as a 

new separation and enrichment technology with high efficiency, energy saving and environmental friendliness, 

has been widely used in many fields. This research combine the advantages of membrane enrichment 

technology and UV-Vis diffuse reflection. The samples after enrichment are directly scanned by UV-Vis 

without elution. Chemometric methods were employed for preprocessing the spectra, selecting the related 

variables and simultaneous determination of different heavy metal ions. 

Materials and Methods 

A total of 29 samples include Cu2+ ranged in 2-12μg/L and Co2+ ranged in 3-10μg/L were prepared. Then 1 -

(2-pyridylazo)-2-naphthol as a complexing agent was added to the solution to form a metal complex. Secondly, 

the metal complex was enriched on the membrane and the UV-Vis diffuse reflectance spectra of the membrane 

surface were measured. The 29 samples were split into a calibration set with 19 samples and a prediction set 

with 10 samples. The effects of SG smoothing, MSC, SNV, MSC, 1st Der, 2nd Der, CWT and their 

combinations were studied. Based on the optimal preprocessing method, UVE, MC-UVE and RT were further 

investigated to select the useful variables. Partial least squares regression model was finally established to 

predict the content of heavy metal ions for unknown samples. 

Results 

Seven preprocessing methods and their combinations are compared and the results shown in Figure 1. SG 

smoothing and MSC was selected as the best preprocessing method for Cu2+ and Co2+, respectively. Then 

UVE, MC-UVE and RT were compared based on the pretreatment spectra. MCUVE uses less variables and get 

best prediction for both ions. Finally, PLS model was built and predicted for the samples in the prediction set. 

Figure 2 displays the relationship between the prepared value and predicted values. For Cu2+, the RMSEP, R 

and recovery was 1.3904, 0.9568 and 72.3%-96.6%. For Co2+, PMSEP, R and recovery was 0.4257, 0.9808 
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and 90%-108.8%, respectively. The results indicates that good fitness and prediction can be achieved for the 

two ions by SG-MCUVE-PLS and MSC-MCUVE-PLS. 

 

Figure 1. The R of different preprocessing methods and their combinations for (a) Cu2+ and (b) Co2+. 

 

Figure 2. The relationship between the prepared value and predicted value for the prediction set for 

(a) Cu2+ by SG-MCUVE-PLS and (b) Co2+ by MSC-MCUVE-PLS. 

Conclusions 

Membrane enrichment coupled with UV-Vis diffuse reflectance spectroscopy and chemometrics is a promising 

method for simultaneously determination of trace heavy metal ions in aqueous solution. 
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Introduction 

Investigate the differences between different types of water using aquaphotomics. 

 

Materials and Methods  

Ten types of water were used as experimental samples (Figure 1). NIR spectra were acquired using the XDS 

Rapid Liquid Analyzer (FOSS NIRSystems Inc., Hoganas, Sweden). The spectra was acquired in the region 

400-2500 nm and the steps at 0.5 nm. The measurement order is performed randomly. As Environmental 

Control (EnvC), MQ was measured at the beginning and end of the experiment and every 5 samples. 3 samples 

were replicated each, and each sample was measured 5 times in consecutive to obtain a total of 170 NIR spectra. 

After measuring with XDS, Measure pH, Dissolved Oxygen (DO), Electric conductivity (COND), Oxidation-

reduction Potential (ORP). 

 

Name Description 

MQ (EnvC) Ultra-pure water (Direct-Q UV3, Merck Millipore, Billerica, Massachusetts) 

Tko Tap water (Kobe University, Kobe) 

Tos Tap water (Osaka City University, Osaka) 

Tky Tap water (Ohara, Kyoto) 

G Gold Water (Yunosato spa water, Wakayama)  

S Silver Water (Yunosato spa water, Wakayama)  

TS Tsukino-Shizuku Water (G+S mixed)  

RP Reverse Osmosis water +Pressure treatment (About 500 atm pressure) 

MA Multivalent amine added water 

Figure 1.  9 types of water 

 

Results 

The Aquagrams1 of 9 types of water are shown (Figure2). Tko is significantly different in tap water. In Spa 

water, G is different. Tos, Tky, RP, S, TS and MA have strong hydrogen bonds. G has a lot of Free Water. The 

Assignment table1 is shown (Table1). 
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 Figure 2. Aquagrams 

 

 

 
Table 1. Assignments 

 

Conclusions 

Even if the same tap water or hot spring water is collected at different sampling locations, the structure of the 

water will change significantly, and some water in completely different environments will show similar 

properties. These subtle changes can be captured by using the aquaphotomics method. 

 

References 

1. Tsenkova R (2009) Aquaphotomics: Dynamic spectroscopy of aqueous and biological systems describes peculiarities of water. J Near 

Infrared Spectrosc 17:303–3

-1.5
-1

-0.5
0

0.5
1
1344

1364

1372

1382

1398

1410

1438

1444

1464

1472

1492

1518

Tko EnvC

-1.5
-1

-0.5
0

0.5
1
1344

1364

1372

1382

1398

1410

1438

1444

1464

1472

1492

1518

Tos EnvC

-1.5
-1

-0.5
0

0.5
1
1344

1364

1372

1382

1398

1410

1438

1444

1464

1472

1492

1518

Tky EnvC

-1.5
-1

-0.5
0

0.5
1
1344

1364

1372

1382

1398

1410

1438

1444

1464

1472

1492

1518

G EnvC

-1.5
-1

-0.5
0

0.5
1
1344

1364

1372

1382

1398

1410

1438

1444

1464

1472

1492

1518

S EnvC

-1.5
-1

-0.5
0

0.5
1
1344

1364

1372

1382

1398

1410

1438

1444

1464

1472

1492

1518

RP EnvC

-1.5
-1

-0.5
0

0.5
1
1344

1364

1372

1382

1398

1410

1438

1444

1464

1472

1492

1518

MA EnvC

-1.5
-1

-0.5
0

0.5
1
1344

1364

1372

1382

1398

1410

1438

1444

1464

1472

1492

1518

TS EnvC



  

 

 



  

 

 
 


