BRNO UNIVERSITY OF TECHNOLOGY

VYSOKE UCENI TECHNICKE V BRNE

FACULTY OF CHEMISTRY
FAKULTA CHEMICKA

INSTITUTE OF PHYSICAL AND APPLIED CHEMISTRY
USTAV FYZIKALNi A SPOTREBNI CHEMIE

BIOPHYSICAL CHEMISTRY -
PHYSICAL CHEMISTRY IN SERVICE OF
THE LIFE SCIENCES

HABILITATION THESIS

AUTHOR: Petr Sedlacek, Ph.D.

Brno, 2022



Abstract

The habilitation thesis presents the author's personal view of biophysical chemistry as a modern,
distinctive chemical discipline. In the introductory part of the thesis, the author presents his own
perspective on the current state of the field, in the context of historical moments, which in his opinion
have contributed to the formation of biophysical chemistry as an independent scientific discipline.
Furthermore, the author presents a subjective view of the main challenges that this discipline currently
faces, as well as the opportunities in which the author sees the main merit of biophysical chemistry in
the near future. The second part of the work then summarizes the author's own contribution to the
development of the state of knowledge in the field. This part is thematically divided into three sections,
which gradually summarize the author's scientific contribution in the field of physical chemistry of
biopolymers, the application of physical chemistry in the field of microbiology and biotechnology, and
in research and development of hydrogel materials. Emphasis is placed on acquainting the reader with
the unifying elements that these three seemingly different research topics combine in the author's
scientific work - a general physico-chemical view, focused on the connection between thermodynamic
state, supramolecular architecture and resulting system properties, and unique methodology, based
on unconventional biophysical applications of standard physicochemical and spectroscopic methods.

Abstrakt

Habilitacni prace prezentuje osobni pohled autora na biofyzikalni chemii coby moderni svébytnou
chemickou disciplinu. V Uvodni casti prace autor predklada vlastni perspektivu soucasného stavu
oboru, a to v kontextu historickych okamzik(, které se dle jeho ndazoru klicovou mérou prispély k
formovani biofyzikalni chemie jako samostatné védni discipliny. Dale autor prezentuje subjektivni
pohled na hlavni vyzvy, kterym tato disciplina v soucasnosti Celi, a také prilezitosti, v nichZ autor
spatfuje hlavni pfinos biofyzikalni chemie v blizké budoucnosti. Druha ¢ast prace poté sumarizuje
vlastni prispévek autora k rozvoji stavu poznani oboru. Tato ¢ast je tematicky rozdélena do tti oddild,
které postupné sumarizuji autorv védecky pfinos v oblasti fyzikdlni chemie biopolymerd, aplikace
fyzikdlni chemie v oblasti mikrobiologie a biotechnologie, a pfi vyzkumu a vyvoji hydrogelovych
material(. Dliraz je kladen na seznameni ¢tenare se sjednocujicimi prvky, ktery tyto tfi zdanlivé odlisna
vyzkumna témata v autorové védecké praci spojuji — na obecny fyzikalné-chemicky nahled, zaméreny
na spojitost mezi termodynamickym stavem, supramolekuldrni architekturou a vyslednymi uzitnymi
vlastnostmi systému, a na unikatni metodologii, zaloZenou na nekonvencnich biofyzikalnich aplikacich
standardnich fyzikalné-chemickych a spektroskopickych metod.
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PartI:
Current state of Biophysical chemistry: Looking further
from the shoulders of giants

“If I have seen further it is by standing on the shoulders of Giants.”
(Isaac Newton)



Chapter 1:
Biophysical chemistry: When physical chemists

think “bio”

,Chemistry works with an enormous number of substances,

but cares only for some few of their properties; it is an extensive science.

Physics on the other hand works with rather few substances, such as mercury, water,
alcohol, glass, air, but analyses the experimental results very thoroughly; it is an intensive
science. Physical chemistry is the child of these two sciences; it has inherited the extensive
character from chemistry. Upon this depends its all-embracing feature, which has
attracted so great admiration. But on the other hand, it has its profound quantitative
character from the science of physics.”

(Svante Arrhenius)

,If physics and biology one day meet, and one of the two is swallowed up,
that one will be biology.”
(J. B. S. Haldane)

1.1 Introduction: Is there a need for bio- in physical chemistry?

At first glance, one can get an impression that contemporary science has been captured in an era
of prefixes. Grant applications and manuscripts of scientific papers hardly gain the attention and
respect of referees without being hyphenated already in their title with nano-, bio-, inter-, multi-, trans-
or another one from the long list of the most frequent prefixes. Some of them represent a natural
result of the progress in science. For instance, in terms of new approaches to the research, multi-
(disciplinarity) and inter- (nationality) have become necessary conditions for success.
Multidisciplinarity proved to be an effective mechanism to solve scientific problems too complex to be
viewed from the perspective of a single scientific discipline. Moreover, just as the research projects
benefit from the synergy of the variety of disciplines, so do individuals. Some level of interdisciplinarity
or personal expertise beyond a single discipline becomes the highly appreciated pre-requisite for a
career in industry, which becomes reflected also in modern trends of university education. Similarly,
internationality has become a characteristic attribute of the modern research environment. The time
when top-class research was a license of a few separate countries is long gone. Now, high-quality
research is practiced all over the world and international collaborations are becoming more and more
frequent. Their establishment provides not only the benefit of bringing together complementary
strengths and instrumental facilities of the participating institutions but also a considerable
educational growth and broadening of cultural horizons to all researchers involved in them.

Aside from that, some of these prefixes become so trendy that their use is managed by design
rather than by an evolution of knowledge alone. Nano- can be used as a good example. On the one
hand, an explosion of revolutionary advances in the ways of analyzing, manipulating and engineering
materials at the nanoscale in the last decades has resulted in the natural and undoubtedly beneficial
boom of nanosciences. On the other hand, the result of the google search for the entry “nano” (for a
simplification, limited to the products of everyday use) may lead to a legitimate concern that the
human world is in fact more “nano” than the world of viruses and colloids.

This thesis will operate with another popular prefix, i.e. —bio. In general, this prefix implies relating
to life or living organisms. In particular, however, the real meaning of this prefix is highly dependent



on the field where it is used. For example, in the cultivation of crops and production of foodstuff, the
use of bio- (e.g. in bio-farming), is strictly understood and legislatively clearly defined to methods and
products complying with the standards of organic farming. In this context, the bio- prefix is rightly
considered a synonym for higher quality. In contrast, in many fields of everyday products, the use of
the same prefix is much less comprehensible and its interpretation may be misleading. Customers are
rarely familiar with the difference between bio-based and bio-degradable products which together are
commonly categorized under the broad umbrella of biomaterials, although not all bio-based materials
are biodegradable (and vice versa). The term bio-based refers to the type of raw material used to
manufacture a product, and it does not relate to the materials produced. In a fact, this means that one
can take some biomass, subject it to “hard” chemical processing, mix it with other fully synthetic
components, and — voila — gets a bio-product. It is not necessarily more environmentally friendly, nor
better working, but it is bio. Evidently, the use of this comprehensible prefix can sometimes be
surprisingly confusing.

As a matter of fact, even in science, one can find a bar of gold that does not tarnish. Physical
chemistry is indisputably such a piece of gold. It explains the behavior, namely interaction and
transformation, of matter with the use of principles and theories that are conservative and not subject
to fashion trends. Still, this thesis is focused on Bio-physical chemistry. The reader may be in doubt
whether the prefix is used only as a purposive decoration enhancing the attractiveness of the old
known discipline for students and for funding agencies. On the following pages, | will try to convince
you that this is not the case, and that, in a fact, the prefix bio- defines an independent, rapidly evolving
yet already long tradition bearing scientific discipline.

1.2 Biophysical chemistry as a scientific discipline

So what is biophysical chemistry and what is it good for? The traditional classification of scientific
disciplines determines Biology, Chemistry and Physics as fundamental pillars of human knowledge. As
Merriam-Webster defines them, biology is the study of life, more specifically "a branch of knowledge
that deals with living organisms and vital processes"; chemistry consists of "a science that deals with
the composition, structure and properties of substances and with the transformations that they
undergo"; and physics means "a science that deals with matter and energy and their interactions."
Primary schools and even most secondary schools (e.g. grammar schools) usually teach these three
disciplines as separate classes which imply in many people the false notion that the three disciplines
have only little in common. College students of life sciences soon find out that it is reasonable to
integrate individual pairs of these disciplines, giving rise to Physical chemistry, Biochemistry and
Biophysics (see Fig. 1). In the Physical chemistry course, they learn how to apply physical methods and
theories to the study of chemical systems and how to explain the physical behavior and properties of
the systems based on their chemical composition and transformations. Biochemistry, in short, deals
with how life depends on chemical processes. It studies molecular components of living organisms and
explains how they participate in a series of chemical processes called metabolic pathways. Last but not
least, Biophysics blurs the line between biology and physics by studying how the laws of matter and
energy work in living systems, involving the fundamental concepts of physics (such as mechanics, heat,
electricity, light, and sound) in understanding biological processes and in experimental analyses of
biological systems.

The main purpose of this thesis is to illustrate on the research interests of its author that it is equally
reasonable to integrate all three basic disciplines. This integration is provided in Biophysical chemistry.
The truest description of a living organism, regardless of its degree of biological and structural
complexity, is obtained when biological, physical and chemical elements are taken into account
altogether. For example, it was not possible to fully understand the biological principle of heredity
without the determination of the chemical structure of DNA molecules and the physical constraints
that rule its intermolecular binding. Similarly, only the combined knowledge of the specific chemical
structure of photosynthetic pigments and the molecules involved in the electron transport chain with



the physical laws of electron excitation and transfer provides insight into the mechanism of an
essentially biological process of how plants harvest energy from the sunlight. And, finally, the examples
are not necessarily limited to living systems. This can be nicely illustrated by the concept of
humification which explains how the remains of the dead plants and animals via processes of biological
and chemical transformation give rise to the specific molecular structure of humic substances, which
in turn predetermines their physical and chemical properties (e.g. sorption ability and reactivity) and
biological activity in the environment.

Fig. 1 Biophysical chemistry standing in the intersection of scientific disciplines (inspired by [1])

From a similar point of view, the vast majority of the analytical methods used in biology are built
on physico-chemical principles. This holds well for spectroscopic techniques where the physical laws
rule the way how different levels of chemical structure contribute to the interaction of a material with
an electromagnetic field. But it equally applies also for a chromatography, based on non-covalent
interactions between (bio)molecules and a stationary phase, or for electrophoresis, which makes the
use of the movement of charged particles in an electric field.

So, Biophysical chemistry” is a field where biology, physics and chemistry meet. It is a broad
discipline with a very wide scope delimited by the range of biological systems that are subject to its
interest. Probably most studies are aimed at the molecular level, where the structure-function
relationship is investigated for the main (groups of) biomolecules, and thermodynamic and kinetic
description is being sought for the chemical reactions, physical transformations (e.g. conformation
changes), or transport phenomena (e.g. molecular transport across biological membranes) that
participate in diverse biological processes. Nevertheless, the field also includes physiological,
anatomical, and even environmental approaches to the physical chemistry of living systems.

“It should be noted that in English-speaking countries, this discipline of Biophysical chemistry is often mixed
up with Biophysics and in many textbooks the shorter title is used for the discipline even if the chemical context
is taken into account or if such a sovereign topic of physical chemistry as thermodynamics is dealt like in the case
of bioenergetics. To make the terminology even more confusing, one can often meet also such terms as Physical
biochemistry, or Biochemical physics, usually indicating which of the basic discipline the author is more inclined
to. In this text | will keep the term “biophysical chemistry” to stress out its perception as an application of physical
chemistry in biology.



For instance, sensory biophysical chemistry is the branch of physiological biophysical chemistry that
describes among others how a vision is formed — starting with a relatively small photochemical change
in the respective light-sensitive biomolecule that transduces the light signal, followed by the cascade
of trans-membrane transport processes that mediate the transmission of the visual signal into the
brain. Environmental biophysical chemistry, on the other hand, focuses on the physico-chemical
aspects of the relationship between organisms and their environment. In particular, the flow of energy
and matter in an ecosystem is described and modeled.

Fig. 2 illustrates how the wide range of the relative size of its subjects is covered by Biophysical
chemistry. Shifting the relative scale of the subjects into the world of objects more accessible to our
imagination, we can see that the discipline applies the same principles of physical chemistry to subjects
that differ in their size approximately as single organisms and the entire planets. From this
extraordinary wide scope, | will narrow the focus of the following text mainly to the phenomena that
occur at the molecular and (sub-)cellular levels.

Fig. 2 a) Classification of disciplines of biophysical chemistry based on the relative size of the
subject of their focus. b) Relative range of the scope of disciplines of biophysical chemistry. (inspired by

(2])



1.3 Who is a biophysical chemist?

For now, let me close this introductory chapter by defining who, in my view, is a biophysical chemist
(see the graphical projection of the idea in Fig. 3). It is a scientist whose subjects of research interest
are biological systems. He/she focuses on the chemical components and chemical processes that form
these systems and applies physical laws to understand how the systems behave. Inevitably, he/she
needs to use math to express the problems and find the solutions’. In short, it is a person who every
day asks the essential question: “What is life?”, or, more specifically, “What is the physical chemistry
of life?”. He/she takes inspiration from many great personalities who had been asking the same
questions before (Chapter 2). He/she realizes the urgent challenges of life science that should be dealt
(Chapter 3) and understand that on the quest to reach these noble goals, he/she can contribute by a
series of tiny steps provided by solving the partial topics of his/her interest (Chapter 4 to 7).

Fig. 3 The author’s view of who is a biophysical chemist
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T Althought the essential role of mathematics in physical and biophysical chemistry is acknowledged and
appreciated (including the historical perspective provided in section 2.1.2), | will stay off the mathematical
background of the discussed phenomena in this text. In the topics where the mathematical framework is the
most relevant (e.g. the diffusion experiments in hydrogels discussed in section 5.1 and chapter 7), an inquisitive
reader is reliant on my original published works referenced in the text.



Chapter 2:
Historical perspective: erasing borders in science

“The history of science is rich in example of the fruitfulness of bringing two sets of
techniques, two sets of ideas, developed in separate contexts for the pursuit of new truth,
into touch with one another.”

(J. Robert Oppenheimer)

2.1 A brief history of biophysical chemistry: meet the giants!

How old is the Biophysical chemistry? Of course, as a separate field of science, it is far younger than
the three disciplines that it integrates. On the other hand, it should not be ranked alongside the
numerous “modern” life-science disciplines arisen in the 20™" century such as genetic engineering or
computational biology. In a fact, the long history of science (a brief topical timeline is shown in Fig. 4)
is full of examples of how an integration of physical and chemical perspectives pushed the level of
understanding of biological systems. Let me stress out a few of them that in my opinion contributed
significantly to the emergence of Biophysical chemistry as an independent discipline.

2.1.1 Diffusion: as matter and time flow

With respect to my personal research focus, | consider it natural to start with the history of the
science of diffusion. As it is well recognized today, diffusion is the process that originates from the
random motion of molecules and results in the net flow of a substance from a region of higher to a
region of lower concentration. It is the crucial physicochemical phenomenon that follows the same
physical laws when it governs the flow of the matter in technological reactors as well as through the
biological membranes in an organism. As one could expect, the history of discovering the phenomenon
is paved with contributions from famous names from the history of chemistry (e.g. Thomas Graham
and his fundamental finding that gases of different nature do not arrange themselves according to
their density but rather spontaneously diffuse through each other) [3] and physics (e.g. Albert Einstein
who once and for all ended the controversy around the kinetic theory of gases and statistical
mechanics and provided the theoretical basis for empirical evidence for the existence of atoms by
providing the stochastic model of the motion of particles suspended in liquids) [4]. Nevertheless, it
may be surprising that some of the most crucial findings in this area were contributed by the leading
scientists of apparently unrelated disciplines. The two names | would like to highlight will come in
chronological order.

Robert Brown (1773 — 1858) was a famous Scottish biologist who had unsuccessfully sought a
degree in medicine before he turned his interest to botany where he later gained a great reputation,
especially but not only for the discovery that the plant cells contain a nucleus. In 1827, when he was
studying the fertilization process in plants using a very primitive single-lens microscope, he observed
a zigzag motion of tiny objects that had been released from the pollen grains. As a biologist by the
nature, he first considered that he had been observing the movement of microscopic living organisms
responsible for passing on the life between the parental plant and its descendants. Nevertheless, he
had soon started to doubt the living nature of the particles as their motion evidently did not tend to
stop. He subsequently proved these doubts valid as he repeated the observation also for finely
grounded inorganic particles (grains of sand, silica or clay) suspended in water. This finding led Brown
to the pioneering conclusion that the dead pieces of matter spontaneously move in liquid. [5]

10



Fig. 4 A timeline of the brief history of science with special respect to moments that formed the disciplines of biophysics and biophysical chemistry
(adopted with modifications from [2], complemented from [6])
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Fig. 4  Atimeline of the brief history of science with special respect to moments that formed the disciplines of biophysics and biophysical chemistry (cont.)
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The spontaneity of the motion (named Brownian according to its describer) remained controversial
not only for the rest of Brown’s life but also for almost 50 more years until Albert Einstein (as
mentioned above) provided a mathematical explanation of Brownian motion as a visible manifestation
of thermal motion of particles and Jean Perrin experimentally proved the validity of Einstein’s
theoretical framework [4, 5]. The cross-disciplinary contribution of Robert Brown to the science of
diffusion hence confirms the words of his contemporary, British poet Mary Howitt, who proposed that:
“He is happiest who hath power to gather wisdom from a flower”.

Fig. 5  Giants of the history of biophysical chemistry I: Fathers of the diffusion phenomenon. (a)
Robert Brown (1773 — 1858) and (b) the Brownian motion and his common depiction as
“a drunkard’s walk”. (c) Adolf Eugene Fick (1829 — 1901) and (d) his masterpiece Die
Medizinische Physik.

After the story of one unsuccessful student of medicine, we will now turn our attention to a
graduated medical doctor whose name is indivisibly linked to the phenomenology of diffusion for every
undergraduate student of physical chemistry. Adolf Eugene Fick (1829 — 1901) [3, 7] was a German
physiologist who was born in 1829 in Kassel as the youngest of nine children. As a student, he excelled
in mathematics and physics, the subjects that he had also studied for a short time before he switched
to Medical school at the University of Marburg where two of his older brothers worked as professors
at the time. During his medical education, he met Carl Ludwig, later referred to as “perhaps the
greatest teacher of physiology who ever lived”, whose great contribution to physiology and anatomy
was published under the names of his students. This meeting essentially influenced Fick’s professional
career as well as personal life as Ludwig soon became his mentor, research cooperator and life-long
personal friend. Fick’s fondness for mathematics and physics always ruled his research interests. He
had received the doctorate for his work on visual errors due to astigmatisms which he later
summarized in a thematic textbook “The anatomy of Sense Organs”. He also played an irreplaceable
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role in the history of cardiology — today, all the hemodynamic studies and cardiac output calculations
are based on the principle devised by Fick. Last but not least, Fick also contributed significantly to
understanding the physiology of muscle contraction and mechanics of muscular movement.
Nevertheless, it was none of these great physiological or anatomical discoveries but rather his
phenomenological approach to the theory of diffusion that brought him immortal fame and which also
caused his name not to be missing in any physics textbook.

In 1855, at the age of 26, Fick formulated the fundamental mathematical apparatus describing
stationary and transient diffusion, today referred as Fick’s laws. He developed this concept not from
his own experiments (actually, experimental proof of Fick’s concept was provided 25 years later), but
mathematically by analogy with Fourier’s theory of heat transfer applied to Thomas Graham’s
observations on gasses (therefore the First Fick Law is alternatively called Graham-Fick law of
diffusion). Analogically to a heat flow resulting from a temperature gradient, Fick proposed that the
intensity of diffusion flow (i.e. the flow rate) of chemical species between two adjacent regions is
proportional to the concentration difference between the regions. This concentration difference acts
as the driving force for the spontaneous movement of the particles from the region of higher
concentration toward the region of lower concentration, similar to the temperature difference that is
forcing the heat flow from warmer to a colder body. Fick explained this concept thoroughly one year
later in his opus magnum Die Medizinische Physik (“Medical Physics”, [8]), where he also provided
physical analyses of other physiological problems such as the mixing of air in the lungs, work of the
heart, hydrodynamics of blood circulation and many others. This book is often considered the first real
biophysics text and Fick’s ideas presented there significantly impacted aside from human physiology
also many other fields of life sciences (e.g. plant sciences), environmental science (e.g. volcanology or
climatology), and civil engineering [9].

In general, there are two ways how to teach diffusion in an undergraduate physical chemistry
course. The first and more common approach is constructed on a phenomenological approach based
on Fick’s laws. The other one considers the atomistic nature of the system, describes diffusion as the
result of a random motion of particles and utilizes mathematical analysis of this movement introduced
by Einstein. As expected, both approaches lead to the same physico-chemical laws governing the
diffusion process. But what is worth emphasizing once more, the history of both physico-chemical
concepts begins with a groundbreaking experimental or theoretical work of life-scientists —
physiologist Adolf Fick and botanist Robert Brown, respectively. This brings us to the leitmotiv of this
text once again.

2.1.2 Are biologists scared of mathematics?

My personal experience with cooperation with biologists makes me inclined to positively answer
the question raised in the title of this section. To be more illustrative, | have been told repeatedly by
one of my colleagues that the number of readers who have completed the reading of an article in a
biological journal decrease exponentially with the number of equations presented in the text.
Nevertheless, there are convincing historical shreds of evidence that mathematics and biology may
live in a strong symbiosis. In this context, it is worth reminding another famous Scotsman, D'Arcy
Wentworth Thompson (1860 — 1948) [10], the man who has never studied mathematics and often
expressed disbelief in his mathematical skills, but who, however, authored the first mathematical
biology book [11].

Like van't Hoff laid the foundations of mathematical chemistry, Thompson is considered a father of
biomathematics. Following da Vinci’s and Bacon’s view of mathematics as porta et clavis scientiarum
(the gate and the key to the sciences), he believed that biological phenomena can be reduced to a
mathematical problem. In his masterpiece work On Growth and Form (1917) [12], Thompson focused
primarily on morphogenesis — the process of structural forms of plant and animal bodies. He
highlighted how the structures in living organisms echo those that can be found in the inorganic world
and hence deduced that mathematical principles are superseding natural selection in shaping living
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patterns. Interestingly, even if Thomson’s education trajectory had copied those of Charles Darwin
almost precisely (both switched to zoology after incomplete medicine study), Thompson became one
of the main opponents of the contemporary Darwinism as he saw the role of natural selection as rather
secondary and supplementary to physical principles in governing the origin of new species. He
demonstrated the subordination of the biological phenomena to the physical and mathematical
constraints on many other examples, including growth, flight and locomotion trajectories, geometrical
compartmentation and microstructural shaping of organism. Thompson’s legacy on how to see the
role of physics in the biology of living organisms is best expressed by himself in the introduction section
of On Growth and Form: “Of how it is that the soul informs the body, physical science teaches me
nothing; and that living matter influences and are influenced by the mind is a mystery without a clue.
Consciousness is not explained to my comprehension by all the nerve-paths and neurons of the
physiologist; nor do | ask of physics how goodness shines in one man's face, and evil betrays itself in
another. But of the construction and growth and working of the body, as of all else that is of the earth
earthy, physical science is, in my humble opinion, our only teacher and guide.” [12]

Fig. 6 Giants of the history of biophysical chemistry Il: Father of biological mathematics. (a)
D'Arcy Wentworth Thompson (1860 — 1948) and (b) the drawing he used for the
description of the geometry of the shell of nautilus by logarithmic spiral. [10]

Going back to the question asked in the title of this section, | will use the words of Thompson’s
contemporary, British statistician Karl Pearson (1857 — 1936), who more than a century ago expressed
his belief that: “...day must come when the biologist will — without being a mathematician — not
hesitate to use mathematical analysis when he requires it.”[13] Actually, they are some biologists who
already do so and who see the future of biology and mathematics as closely intertwined, as nicely
discussed in Joel Cohen’s essay “Mathematics is biology's next microscope, only better; biology is
mathematics' next physics, only better” [14].

2.1.3 Asking the right questions

There are a few questions that probably everyone asked himself/herself at least once in the
lifetime. One of those may be “What is life?”. Actually, it is probably this particular question that stood
as a starting shot at the beginning of the history of biophysics and/or biophysical chemistry as a
separate discipline. On 5 February 1943, the Nobel prize laureate, physicist Erwin Schrodinger, started
a course of three public lectures at Trinity College in Dublin that were bearing in their title exactly the
question raised above [15]. Calling himself a “naive physicist”, Schrédinger ponders on the apparent
discrepancy between the second law of thermodynamics — the general tendency of all order in the
universe to break down continuously — and the high degree of order maintained by all living organisms
without any distinction. He asked himself what was so special about the living systems that made them
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so odd in the view of the known laws of physics. And he immediately suggests the answer: life is
distinguished by a “code-script” that directs the “entire pattern of the individual’s future development
and of its functioning in the mature state”. In Schrédinger’s view, the code-script is formed by the non-
repetitive molecular structure of at the time yet unidentified hereditary molecule (called by himself
the “aperiodic crystal”), where, unlike the common (i.e. periodic) crystals, the position of each atom
matters. Schrodinger further suggests that organisms feed on “negative entropy” to follow the
guideline coded in the genetic information, hence sustaining their structural organization while paying
the thermodynamic dues via increasing the disorder of the environment. The lectures aroused a great
response (they attracted an audience of about 400) and resulted in the publication of a book of the
same name one year later [16].

Fig. 7 Giants of the history of biophysical chemistry Ill: (a) Erwin Schrédinger (1887 — 1961) and
(b) his book What is life?

Although some of Schrodinger’s contemporaries were critical of his views (for instance, Linus
Pauling considered negative entropy a “negative contribution to biology”, while Max Perutz
contributed that “what was true in the book was not original, and most of what was original was known
not to be true even when the book was written) [17], there can be no doubt about the influence of the
book on the subsequent history of biology and the science in general. Figuratively speaking,
Schrdédinger has built the bridge between physics and biology; he encouraged numerous physicists
(including key figures such as Maurice Wilkins or Francis Crick) to turn to biology and became the
source of inspiration for what was to come soon and what is sometimes referred to as “the race for
DNA".

2.1.4 What is hidden in the grooves: The race for DNA

The 1950s were a really exciting time for the life sciences, especially for the field of structural
biology. In spring 1951, world-leading structural chemist, Linus Pauling, together with his co-worker
from Caltech, Robert Corey, published a series of seven papers providing a detailed overview of the
key structural motifs found in the protein molecules, with the structures of alpha-helix and beta-sheet
standing at the pivotal positions (the papers are nicely reviewed in [18]). Pauling, who was enjoying
the spotlights when repeating over and over the famous story of how he had discovered the alpha
helix with a sheet of paper drawn with a polypeptide chain while resting in the bed after catching a
cold [19], was at the time the head of chemistry department at Caltech, author of hundreds of scientific
papers and world-recognized genius in solving complex molecular structures. It is hence not surprising
that Pauling was by himself and by the vast majority of the scientific community considered the only
possible future discoverer of the still unknown structure of genetic material — the master molecule of
life.
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Fig. 8  Giants of the history of biophysical chemistry IV: Main protagonists of the race for DNA.
(a) Linus Pauling (1901 — 1994) showing his space-filling model of alpha helix. (b) the
sheet of paper used by Pauling when discovering structure of alpha helix in 1948. (c)
James Dewey Watson (left, * 1928) and Francis Harry Compton Crick (1916 — 2004) and
(d) their original DNA demonstration model designed in 1953.

At the time. it was long clear that the genes were located in chromosomes — two-component
supramolecular systems made of proteins and nucleic acids. However, proteins, with their well-known
structural and functional complexity, were generally favored over structurally boring nucleic acids as
the candidate component responsible for carrying the hereditary material. Although some works
evidenced against protein-based genes (such as the experiment of Oswald Avery, who found in 1944
that DNA, apparently by itself, could transfer genetic information between Pneumococcus bacteria)
[20] these arguments were long overlooked. Pauling, with his lifelong passion for proteins, was no
exception. Nevertheless, there were some who did not ignore the faint but convincing voices in favor
of the role of DNA in heredity and who were working hard on understanding its structure. Among
them, one quite unconventional Anglo-American duo stood above all.

In the same year that Linus Pauling was celebrating his triumph with the series of papers published
on protein structure, his compatriot —a biochemist James Watson - took on his postdoctoral fellowship
at the Cavendish laboratory in Cambridge, where he was assigned to share an office with a graduate
physicist named Francis Crick. Watson, tired of his previous work on DNA biochemistry and still
fascinated by the X-ray photos of DNA he had recently been shown by Maurice Wilkins, and Crick, a
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too-old graduate with too-slow scientific progress who nevertheless knew crystallography inside and
out, immediately agreed on the common research target — discovering the structure of DNA —and also
on the way how to hit the target. For this purpose, the couple decided to “imitate Linus Pauling and
beat him at his own game” [21].

Sooner in his career, Pauling had spent almost two decades describing chemical bonds in terms of
quantum chemistry, which resulted in publishing not only numerous journal papers but also his
masterpiece book “The Nature of the Chemical Bond" [22]. With this manual of molecular interactions
in the hands and with Wilkins’s X-ray crystallographic data in mind, Watson and Crick started to solve
the puzzle of DNA structure. Consequently, only a few months later, when the Hershey-Chase’s
"Waring blender experiment" [23] finally proved the role of DNA as the master molecule in genes and
started the worldwide hunt for discovering the DNA structure, the Cavendish laboratory couple had
already passed their first unsuccessful attempts and held the lead over the rest of the world, including
Linus Pauling. While Pauling was repeating the missteps taken by Watson and Crick before without
losing his belief that only himself is capable of solving the puzzle, the two young men with the great
new X-ray pictures from Rosalind Franklin [24, 25] in their hands and the finally recognized role of
hydrogen bonds in the base paring in their minds were refining their ingenious structural model. In
April 1953, Watson and Crick submitted the manuscript introducing the structure to Nature and
Pauling, during his personal visit to Cambridge, had to gracefully admit that the race for DNA has its —
unexpected but well-deserved — couple of winners.

The discovery of DNA structure is considered a major milestone in the history of biophysical
chemistry and/or biophysics [26]. It has provided an explicit manifestation of the close interlink
between thermodynamics of the molecular binding, supramolecular architecture, and biological
functioning of the key molecular component of living organisms. It brought physical chemistry to the
spotlights of the life scences by demonstrating how essential the correct application of general
physicochemical principles is for revealing the molecular mechanism of general biological
phenomenon (heredity). Because of the unprecedented attention that not only the discovery itself but
also the path to it, gained in the scientific community worldwide, it became a tangible example of the
synergy between biology and physics that motivated further symbiosis of the two disciplines.

Interestingly, to find an inconspicuous spark that ignited the fire of this influential moment, we have
to go some years back - according to the words of James Watson: “To have success in science, you
need some luck. Without it, | would never have become interested in genetics. | was 17, almost 3 years
into college, and after a summer in the North Woods, | came back to the University of Chicago and
spotted the tiny book What is Life by the theoretical physicist Erwin Schrodinger. In that little gem,
Schrodinger said the essence of life was the gene. Up until then, | was interested in birds. But then |
thought, well if the gene is the essence of life, | want to know more about it. And that was fateful
because, otherwise, | would have spent my life studying birds and no one would have heard of me.”
[27].

2.2 Where are we now?

Naturally, the text in the previous chapter provides the author’s subjective selection rather than a
complete list of the historical moments and the great figures that formed the history of biophysics and
biophysical chemistry. Many others deserve to be included — how could for example biological
thermodynamics be established without pivotal calorimetric studies of heat generation of mammals
conducted by Laplace and Lavoisier as early as about 1780 [28]? How would an understanding of
cellular processes be progressed without laying the foundations of non-equilibrium thermodynamics
[29]? And how the Schrédinger’s naive idea of the “code-script” could grow into the present view of
regulation of biological systems without the rise of Claude Shannon’s information theory [30] and
Norbert Wiener’s cybernetics [31]?
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Anyway, all these great moments gave rise to biophysics and biophysical chemistry as a mature
scientific discipline with a strong institutional background. In 1957, the Biophysical Society [32] was
founded in order to lead the development and dissemination of knowledge in the field of biophysics.
For this purpose, the Society organizes annual meetings, publishes the official journal (Biophysical
Journal) and covers many other activities such as community outreach, and career placement.
Currently, the Society has over 7,500 members working in academia, industry, and government
agencies worldwide. Also, the education in biophysics and biophysical chemistry currently stands on
solid foundations as colleges and universities offer graduate and undergraduate degrees in the field
worldwide. Last but not least, several specialized research institutes focused on biophysical chemistry
and biophysics have been founded in the second half of 20" century. Probably the most famous among
them, the Max Planck Institute of Biophysics, was created in 1971 by merging the Max Planck Institutes
for Physical Chemistry and for Spectroscopy in Gottingen. The institute, currently employing about 850
people, has to date been honored by affiliating four Nobel prize laureates [33].

To sum up, since its modern history began with the epochal Schrédinger lecture, biophysical
chemistry has been fully established at the heart of life sciences. During that time, almost fifty Nobel
prizes in Chemistry, Physics and Physiology or Medicine were awarded to works either entirely or partly
focused on biophysical topics (the list of these Nobel prizes is shown elsewhere [34]). Nevertheless,
the dawn of the new century has brought new trends, needs and opportunities in science. Some of
them, to which a specific contribution of biophysical chemistry can be expected, are discussed in the
following chapter.
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Chapter 3:
Future prospects: systems, not particulars

"Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less."
(Marie Curie)

“Make things as simple as possible...
...but not simpler!”
(Albert Einstein)

In more or less regular intervals, scientific heavyweights and celebrities express their opinion and
suggestions on what the future of their scientific discipline will be like. Some of these efforts
sometimes end infamously (such as professor Hudlicky’s Angewandte Essay Affair [35]), the others
become successful in directing and fueling further progress in the scientific field. Some of such strong
inspiring opinions on the future trends for the large field of chemistry were formed repeatedly by
Ronald Breslow, most famously in his visionary 2003 National Research Council report “Beyond The
Molecular Frontier” [36], and also in the 2016 essay “Back to the future of chemistry” [37]. Among the
main challenges for contemporary and near-future chemistry, Breslow emphasizes the “Systems, not
substances” approach, which means focusing the scientific interest on complex interacting chemical
systems rather than on individual substances. Following the legacy of Watson and Crick, Breslow points
out that although the structure of DNA as the key molecule of life was described more than 50 years
ago, we are still far from a complete understanding of how life works or how it can be imitated
synthetically. In the author’s words: “Life is a process in which many substances interact in organized
systems, and chemistry is in its infancy in understanding these systems.” A bacterial cell is proposed
as an illustrative example - although bacteria are considered among the simplest living organism, we
still know little about how to mimic the functions found in their cells in synthetically created systems.
It is also stressed out by the author that in order to accept and face this challenge, chemists must
broaden their training, they need to have a strong foundation also in modern biology and physics. In
short, modern chemistry must continue to be creative and useful science without stagnating in form
of the narrow science. Biophysical chemistry may in this perspective become a great platform where
to concentrate endeavors to face this demanding mission.

The understanding of complex functional systems invented by nature is the first and necessary step
in imitating their functional complexity when developing new materials. This has particularly been true
for the research and utilization of biopolymers. Biopolymers are the main structural and functional
components of living organisms. With their molecular backbones composed of repeating units of bio-
monomers (mostly saccharides, nucleotides, and amino acids), sometimes accompanied by various
side chains, they provide an unlimited pool of chemical and physicochemical functionalities that
predefine their natural roles as well as potential applications. Regarding their utilization by humans,
aside from the traditional uses as food or in form of clothing or furniture, they found an irreplaceable
position mainly in the field of medical applications [38]. Furthermore, in the last few decades,
environmental concerns over the use of polymers from fossil fuels brought the renaissance of
biopolymers-based material chemistry introducing biopolymers into a wide range of applications
covering routine use materials such as packaging as well as special biopolymer components of high-
value materials (e.g. sensors or actuators) [39]. There are several ways how to promote the
competitiveness of the particular biopolymer in the desired application. Firstly, understanding the
interconnection between the structure of the substance at various levels (molecular and supra-
molecular), its fundamental physicochemical properties and the way how these are exploited in
playing their natural role in an organism allows the reasonable prediction of its application
performance. Furthermore, as far as the high production costs of biopolymers still represent the main
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economical factor limiting their further expansion in the production of plastics at the expense of
synthetic polymers, the search for new source organisms or cheaper biotechnologies for their
production represent an additional central point of upcoming biopolymer research [40, 41]. Finally,
another challenge in this field is represented by supplementing the traditional biotechnological
processes with tools of genetic engineering to produce biopolymers with tailored structures and
properties. These and other challenges of biopolymer research are discussed in further detail in several
works [42, 43].

Another research field, where the areas of interest of chemistry, physics, and biology have long
been intertwined, is the research and development of soft matter [44]. Soft matter research covers a
wide range of condensed materials with deformation behavior and physico-chemical properties
determined by their specific supramolecular architecture provided by the ordering of their molecular
components on the mesoscopic level. Various self-organized biological materials fall into this category,
including biological membranes, cytosol, nucleosol or extracellular matrix. Among the synthetic soft
matter representatives, colloids, liquid crystals, and gels are perhaps the most common ones. For all
these materials, mechanical, transport and various other aspects of their behavior cannot be
understood or predicted directly from the properties of their constituents without taking into account
how they are interacted and organized on the large scale. The close interconnection between soft
matter physics and biology has been well known since the close analogies between liquid crystals and
biological membranes were recognized and it resonates soundly also in recently published future
perspectives on soft matter research [45-48].

One specific type of soft matter which attracts particular interest both in modeling real biological
environments and in the field of biomedical applications are hydrogels. These were the first
biomaterials designed intentionally for use in the human body. In biomedical uses, hydrogels benefit
mainly from the outstanding biocompatibility that results from a combination of high water content
and physicochemical similarity to the native extracellular matrix [49]. Their unique mechanical and
transport properties make them material of choice mainly for controlled release systems, or in the
field of tissue engineering. Aside from their biocompatibility and comparable deformation and
transport performance with native biological matrices, some hydrogels provide an additional analogy
with the biological soft matter — they both behave as active matter. These are non-equilibrium systems
that are able to transform energy sources to generate flow patterns and mechanical stresses, large-
scale collective motion, active force generation or non-equilibrium phase transitions. Numerous
synthetic routes were proposed to prepare hydrogels that provides a dynamic response to changes in
environmental condition. These materials, collectively called stimuli responsive gels comprise systems
that can react to a wide range of physical stimuli, including light, temperature pressure, electric or
magnetic fields, mechanical stress or other impulses that affect molecular interactions in the structure.
Other materials from this family are sensitive to chemical stimuli such as pH, ionic strength or specific
chemical agents. Chemically responsive gels have already been used to mimic chemical communication
that underpins a plethora of biological functions [50]. Basically, all the dynamic responses in these
materials are based on a change in the interactions between polymer chains and solvents and between
polymer chains at the molecular level. Therefore, there is still a need for new ways how to manipulate
the internal architecture of gels in order to tailor their properties and dynamics, not only for creating
novel biomaterials, but also to find appropriate experimental models on which behavior of complex
and hardly explorable living systems could be better understood [51, 52].

Another of the never-ending challenges of contemporary life sciences is to search for still new
solutions on how to produce more and more food from the shrinking per capita arable land and how
to keep the environment safe at the same time. From this point of view, agriculture can be considered
among the most topical and burning branches of applied life sciences. Although the concept of
sustainable agriculture [53, 54] was proposed already in 1980s and the agricultural practice has
changed significantly since then, the need for the adoption of agricultural strategies and technologies
that improve productivity further without harming the environment remains as urgent as at that time.
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To improve the quality of the soil, prevent erosion and at the same time maintain the high yields of
the crops new modern agricultural technologies need to be developed. Among the most common
strategies currently considered, improvement of the content and quality of soil organic matter,
rationalized management with water in the soil, and biological management of soil microbiota can be
emphasized.

The stable fraction of soil organic matter called humus is, to put it very simply, what by its content
of only a few percent of weight makes the great difference between “dead” sandy dust and fertile
arable soil. In a sense, it is like air — ubiquitous, renewable and essential for life as we know it. Humic
substances have been continuously used as a proxy for soil humus research since they were first
isolated by means of alkaline extraction from peat in the late 17" century. Nevertheless, in the last
two decades, humic substances face a kind of identity crisis [55]. One part of the humus research
community struggles in the endless fight between the traditional (macromolecular) and emerging
(supramolecular) view on the structure of humics. The other part, that finds humics a promising
feedstock for variable agricultural or industrial application, does not care so much about what type of
bonds holds the structure of this material together but rather calls for a unified classification scheme,
based on consensual quality criteria and objective standardization protocols, that would help in
selecting the most suitable source material for the desired functions. Aside from these and
independently of each other, microbiologists and botanists involved are focusing on understanding
biological activity, organic chemists on chemical reactivity, and physical chemists on the sorption ability
of humics. And to make the view on humics even more complicated and fragmented, a debate has
risen recently whether humic substances exist naturally at all or they just represent a molecular
construct artificially brought by the process of alkaline extraction [56]. Several attempts have been
made in this difficult period to objectively evaluate the state of art of humus research and to provide
a rigorous assessment the main challenges of the field [55, 57]. Although most targets defined there
remain unmet, the importance and the usefulness of research and development in this field is still
perceived as can be clearly illustrated by the fact that artificial humic matter from biomass has been
selected for the 2021 Top Ten Emerging Technologies in Chemistry [58]. Anyway, the unique
combination of complex chemical structure, multiple chemical reactivity and physico-chemical
interactivity and diverse biological activity makes humus an especially attractive subject of interest in
biophysical chemistry.

Soil organic matter represents only one of the key players ensuring the proper functioning of the
soil ecosystem. Other crucial protagonists are certainly soil water and soil microbiota. In reasonable
management of these two factors, the beneficial role of hydrogel materials has recently been
recognized. Unique ability to retain high volumes of water in their structure together with the release
of the solutes from the absorbed solution in a controllable manner make hydrogels promising
candidates for novel agricultural preparations — some of these are already in the use such as slow-
release fertilizer hydrogels or gels super absorbant hydrogels. Furthermore, hydrogel carriers also
represent the state-of-the-art form of bioinnoculants - biological agents, most often based on plant
growth-promoting (rhizo)bacteria (PGPR), that are applied in the soil to enhance or restore its fertility
[59]. In this application, the gel matrix assures mainly physical protection of the cells against various
environmental stress factors. Evidently, agriculture represents a surprisingly promising field for
modern applications of soft matter and hydrogels in particular. However, as far as the agro-industrial
technologies have the principal requirement of low cost, the task is to find the appropriate
technologically feasible, and economically competitive techniques for the preparation of hydrogel
formulations for this market segment and to adjust their physicochemical (e.g. mechanical or
transport) properties according to their intended function remains the same challenging.

Previous paragraphs show only a few selected examples illustrating the great diversity of the
challenges that the life sciences currently face. The focus of these examples may seem so wide that it
cannot be covered in a single study curriculum or scientific career. Nevertheless, the “systems, not
particulars” concept endorsed by Breslow provides a remarkable platform on which all these life
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science topics can be approached with a similar physico-chemical description apparatus and common
instrumental methodology. In a sense, this approach pushes chemistry back to its historical roots —
under the wide wings of philosophy. It may seem that chemists, who are rightly proud of founding
their claims on experimental evidences, look down at philosophers, who conducts no experiments at
all. Nevertheless, it is indeed the philosophical way of thinking (incidently, the relevance of the
philosophy as an independent scientific field of chemistry has recently been debated [60, 61]) that
brings a chemist out of the world of naive realism, relieves him/her of the narrowmided insisting on
the particularity of the employed experimental model, and arms him/her with the ability of
generalizing the knowledge, of depicting the phenomena of interest in the broadest terms. In this
particular perspective, a hidden resemblance between cell cytoplasm and synthetic hydrogels, from
the viewpoint of their mechanical and transport properties, becomes surprisingly obvious, and the
essential role of “molecular sociology” in complex supramolecular systems seems astonishingly
universal, regardeless of whether it is applied on the architecture of biopolymer inclusions in bacterial
cells, or on the structure of soil humus. It will be the task of the following chapters to show how
focusing on this unifying concept shaped the scientific curriculum of the author of this thesis.
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Part II:
Personal contribution of the author to the discipline

“The practice of science happens at the border between the known and the unknown.
Standing on the shoulders of giants, we peer into the darkness with eyes opened not in
fear but in wonder.”

(Brian Cox)
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Chapter 4:
Standing astride a borderline: diverse systems,

similar questions

, This is an era of specialists, each of whom sees his own problem and is unaware of or
4

intolerant of the larger frame into which it fits.”
(Rachel Carson)

“Principles don't have borders.”
(Alisha Rai)

Naturally, this habilitation thesis aims not only at introducing the author's personal view on the
history, current state, and near-future of biophysical chemistry as a scientific discipline (provided in
the previous three chapters) but mainly at summarizing the author’s scientific contribution to the field.
This will be conceived primarily as a commentary on the published scientific studies contributed by the
author'. Before | will focus on particular experimental studies and findings brought by these, | will first
introduce a brief overview of my scientific evolution. Furthermore, as far as the particular subjects of
these studies are as diverse as those discussed in the previous chapter, | will also try to explain the
unifying conceptual and methodological framework that | have been using when approaching these
topics.

Fig. 9 On a crossroad? No, all roads join in the biophysical science.

Chronologically taken, as a graduated physical chemist, | had started my scientific career on the
topic of humus chemistry. Studying the interactions of humics in hydrogel matrices to simulate their
effect on the transport phenomena in natural humus-containing systems, soon brought me to a more
detailed focus on the research and development of hydrogels. Later on, the apparent similarity of the
gel matrix and intracellular space caused that | was invited to utilize the methodology developed for
the hydrogels in the analyses of microbial cells. Hence, my personal experience confirms that — as was
generally introduced in chapter 1 - in the field of biophysical chemistry, miscellaneous scientific roads
may join (Fig. 9). At my crossroad, the three connected routes are environmental science and biology,
material science, and, last but not least, physical chemistry. The former two represent the main
subjects of my research interest — on the one hand, natural substances (natural organic matter and

i For an easier orientation of a reader in the text, publications of the author of this thesis will be referenced
as footnotes throughout the text, while external references will be listed at the end of a corresponding chapter.
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biopolymers) and soft-matter materials (gels) made from these, on the other microbial cells as perhaps
the simplest possible but still remarkably complex living systems. The last one stands for the research
attitude used in investigating all these systems.

The unifying physico-chemical concept | have been using in these studies (Fig. 10) is based on efforts
to understand how the molecular thermodynamics (mainly the interactivity of molecular principal
components) of the particular system —regardless of its degree of complexity — rules its structural (e.g.
supramolecular architecture) and material (deformation, transport) behavior and how this relationship
manifests itself in the environmental, ecological or biological functioning of the system. Also, the
methodology used in these studies was largely the same regardless of the specific system studied. The
methodology combines methods of structural analysis (various spectroscopic techniques),
morphological tests involving techniques of advanced microscopy, and both routinely used (e.g.
thermal analysis or rheometry) and originally developed (e.g. diffusion-based) techniques providing
further material and physicochemical characterization of the studied system. In some cases, these
analyses were further supplemented by specific biological assays (e.g. viability tests). Aside from
providing a complex overview of different aspects of system performance, the methodology was also
designed in order to combine the macro-and micro-scale view on the system properties. The benefits
of this multi-scale complex analytical approach for the particular examples of bacterial cells and
hydrogels are discussed in detail in section 6.1. and 7.1., respectively.

Fig. 10  Unifying concept in the biophysical studies of the author

In all the contributed topics, | have also tried to combine a quest for understanding how the natural
systems work with an application of this fundamental knowledge in applied research and development
of new functional bio-based materials, in the famous legacy of Louis Pasteurs’ work (Fig. 11). Hence
the studies on the structure of humic substances and on the barrier and controlled release role they
play in natural ecosystems were accompanied by the analyses of bioabsorption of these substances
from artificial biostimulants and the development of original humics-based soil amendments. In a
similar way, fundamental research projects focused on the evolutionary and ecological role of
polyhydroxyalkanoates went hand in hand with applying the revealed knowledge on how these
materials affect the stress robustness of microbial cells in defining novel trends in their
biotechnological production and also in the development of their application forms with tunable
material properties.
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Fig. 11  Pasteur’s quadrants. Classification of scientific research based on seeking the fundamental
understanding of scientific problems and/or having an immediate use for society.

If | was asked to characterize my scientific career so far in a single slogan, | would probably use
“standing astride”. For the whole time, | have been standing astride borderlines between apparently
diverse scientific topics, between fundamental and applied research projects and sometimes also with
each leg embedded in a different research team. Probably, this may seem to someone like a lack of a
firm thematic anchoring or even like scientific volatility. Nevertheless, as every colloidal chemist can
confirm, it is exactly the boundary separating different phases where the most exciting phenomena
take place. It will be the main goal of the following chapters to prove that this “standing astride”
position may be in a fact surprisingly beneficial in science.
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Chapter 5:
Molecular interactions in biopolymers and natural

organic matter: from structural principles to macro-
scale effects

,He who loves practice without theory is like a seafarer who boards ship without wheel

or compass and knows not wither he travels. ”
(Leonardo da Vinci)

At first glance, biopolymers and humus, respectively, may be considered just two different stages
of the life cycle of carbonaceous organic substances, differing fundamentally in their structure as well
as their environmental fate. Nevertheless, in a more careful view, a surprising similarity between these
two families of natural compounds becomes evident. In a fact, it can even be said that biopolymers
mean the same for living organisms as humics do for the non-living part of nature. Based on their wide
supply of chemical functionalities, they both play a variety of structural, nutritional and functional roles
where they are irreplaceable by other components of their natural environs. In all these functions, the
performance of both types of compounds lies primarily in the way they interact with other polymers
and low-molecular components of the system.

Another common feature of humic substances and biopolymers is that they both represent a
promising feedstock for a wide range of applications. As a nature-derived, renewable and bio-
degradable substances with plentiful chemical functionality they find potential uses in agriculture,
industry, and medicine. Regarding their commercial uses, they also both face the same problems — due
to the very diffuse nature of their sources and isolation methods, the quality of these compounds may
differ widely. Therefore, extensive inventory studies are needed for particular biopolymers as well as
for humic substances. Similarly, a systematic investigation of the causal relations between their
chemical structure and their application-relevant performance is necessary for the definition of
reasonable quality criteria and standardization protocols of how to test whether these criteria are met
by a particular material.

In our research studies, we have focused on humic acids (HAs) as the key constituent of NOM
regarding its interactivity in condensed natural environments, and to polyhydroxyalkanoates (PHAs) as
the family of microbial polyesters with a complex biological role and great potential in replacing
petroleum-based polymers in the production of plastics. In the case of humic acids, we paid attention
mainly to how their ability to bind specific low-molecular compounds affects their mobility in natural
humics-containing environments (details in sections 5.1.1. and 5.1.2.). Furthermore, we have also tried
to contribute to the current debate on the supramolecular architecture of humics via introducing a
simple method of their polarity-based fractionation (section 5.1.3). Finally, we have utilized our
experience gained in these fundamental research studies in developing simple experimental
techniques for the assessment of the bioabsorption of humic substances (section 5.1.4) and also in the
design of novel humic-based soft matter materials for agricultural and health-care applications (section
5.1.5).

Similarly, in our studies on PHAs, we have first focused on understanding the mechanisms that
maintain these polymers in microbial cells in a biological active but thermodynamically unfavorable
amorphous state (section 5.2.1). Later on, we have utilized our knowledge of the relationship between
primary chemical structure and phase behavior of PHAs in the development of PHAs’ films with
tailorable material properties intended for use in modern packaging and biomaterial applications
(section 5.2.2).
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5.1 Humic substances: native transport systems & promising artificial carriers

Natural organic matter provides a remarkably complex pool of organic compounds. Among its
various constituents, the stable organic fraction called humus (the latin expression for “earth, soil”,
originating probably from humi, “on the ground”) attracts special attention mainly as the major cause
of fertility of soils. This vital ecological merit of humus arises from the finely tuned interplay between
various chemical, physical and biological mechanisms of action. On the one hand, humus represents a
storehouse for essential soil nutrients and minerals, on the other, it supports soil structure and
improves physical parameters such as porosity, thus improving soil aeration as well as water
absorbency and drainage. Moreover, humus supports the biological activity of soils, not only indirectly
by serving as an energy source for soil microorganisms, but their decomposition products can also
selectively inhibit or stimulate the growth of soil microbiota or, in some cases (e.g. via the production
of auxins) it directly chemically promotes growth of higher plants.

Fig. 12  Operational definition and classification of humic substances. Adopted with modifications
from [62]

The rise of humus chemistry is intimately linked to the isolation and investigation of humic
substances (HS). These are the organic matter extraction products defined and classified operationally
according to their solubility at various pHs (see Fig. 12). The alkaline extraction procedure was applied
for the first time by Achard on peat more than three centuries ago [63]. In the ongoing decades, the
development of the concept of humic substances was based on great contributions of such scientific
authorities as de Saussure, Liebig, or Berzelius, who isolated HS from a Swedish spring and widened
the view on humus from a specific organic component of soils to a universal constituent of non-living
nature. All these pivotal works (for a more detailed review on the history of humus chemistry, see e.g.
[64]) laid the foundation for the traditional view of humic substances as specific natural compounds
synthesized via physical, chemical and microbiological transformation (collectively embraced by a
process called humification) of plant, animal, and microbial residues (see Fig. 14a).
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Since the early years of HS research, most of the essential biological functions of humus have been
attributed to the specific chemical structure of humic substances. For instance, a complex structural
skeleton with a great diversity of functional groups leads to a surprising affinity of HS to interact with
almost any compound, regardless of its hydrophilic or hydrophobic nature. It is just this affinity that
has been believed to stand behind crucial environmental impacts of humus such as speciation and
immobilization of both nutrients and pollutants in the environment, hence regulating their biological
uptake. Similarly, the recalcitrant nature and environmental stability of HS is attributed to the
combination of high aromaticity of the core of its structure and the ability to bind to the mineral
components of soil via the peripheral polar groups. [65, 66]

It is this remarkably universal binding ability that is also the key to a number of industrial
applications in which the beneficial use of humic substances has been suggested. Comprising about 25
% of the total organic carbon on the earth [67], HS are supposed to be the largest reservoir of
carbonaceous compounds — more abundant than biomass or crude petroleum. Hence, aside from the
traditional applications of HS in agriculture and environmental technologies [68], and leaving aside
applications utilizing the biological activity of HS (which will be discussed in sections 5.1.4 and 5.1.5),
HS have been proposed as antioxidant additives to plastics, viscosity- and hardening- modulating agent
in concrete technology, efficient emulsifier, and, of course, a versatile feedstock for chemical syntheses
(for more details on industrial applications of HS, see e.g. [69, 70]). In all these fields, the unique
amphiphilic structure with a specific balance between polar and aromatic structural motifs makes the
position of HS so exclusive.

Fig. 13 Two concepts of the structure of humic acids. (a) Macromolecular structural model
proposed by Schulten and Schnitzer [71]. (b) Schematic representation of the supramolecular concept
proposed by Simpson [72].

On the other hand, it is also the structure of HS that has brought the most controversy in recent
years. Firstly, the original concept of HS as macromolecules, produced by polymerization of low-
molecular (mainly phenolic) compounds as a result of microbial activity, was challenged by several
authors [72—-77] who have suggested a “new view” of humic substances as micelle-like supramolecular
aggregates of molecular constituents much lower in molecular mass than originally expected (Fig. 13).
In these supramolecular structures, polyvalent cations, hydrogen bonding and hydrophobic effects are
considered the main mechanism to aggregate HS and increase their apparent molecular mass as
supported by results of size exclusion chromatography with selective destruction of these linkages
[75, 76]. And even more recently, while the macromolecular-supramolecular debate inside the HS’
community continued, the very existence of HS was questioned by two authors standing outside this
community. Lehmann and Kleber criticized the “traditional view” (humic substances concept) and
proposed an “emergent view” of soil organic matter with the absence of HS. In their view (see Fig.
14b), the residence time of organic soil constituents is an environmental property and has no support
in or need for a specific chemical structure. Without any strong experimental arguments supporting
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Fig. 14 Two competing theories explaining (non-)existence of humic substances and transformation of soil organic matter. (a) The classical theory of
humification. (b) The Soil continuum model proposed by Lehman and Kleber [56].
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this, they suggest that humic substances represent just an experimental artifact - the artificial result of
the traditional extraction procedure — and consider HS an invalid proxy for SOM research [62].
Although the wave of criticism from the HS community did not take long and the collection of
arguments against Lehmanns’ and Klebers’ attack on HS were soon provided [78, 79], damage on the
reliability of HS research and its perception by the general scientific public has remained.

Evidently, although the history of HS research lasts more than three centuries, many fundamental
guestions about these fascinating compounds remain unanswered. Much experimental work is still
needed before a comprehensive general concept of the structure-performance relationship for natural
HS may be proposed and used as a guide in designing meaningful applications of HS and selecting
suitable materials for them. In the following subchapters, the author’s contribution to this challenging
quest is summarized.

5.1.1 Development of novel methodology for interaction studies based on diffusion processes

One of the most inspiring scientific events that | attended during my Ph.D. study was IHSS-14, the
14" International Meeting of IHSS (International Humic Substances Society), which took place aboard
a ship sailing from Moscow to St. Petersburg in September 2008. In addition to the non-traditional
venue, this meeting was exceptional also in a rare effort of its scientific committee to conclude the
scientific program with a tangible formulation of the state-of-the-art of HS research and definition of
the main gaps in knowledge on HS. A summary of these concluding remarks is still available on the
website of the conference [57]. In general, the authors called for a knowledge transfer between
fundamental (mainly environmental) research of the role that humic substances play in nature, and
the industrial segments where the potential of HS as a promising feedstock is under consideration. To
achieve this goal, nine specific research priorities for HS were identified. Among them, a systematic
reactivity and interactivity mapping of HS was urged in order to reveal how the exact chemical
structure and particular chemical functionalities of HS contribute to their inherent environmental
performance and also to their value for individual application fields.

While the methodology for the chemical reactivity studies on HS is quite straightforward —
numerous options for modification or substitution of the chemical skeleton of HS can be found in
classical textbooks on organic synthesis — a method to study physical interactivity (non-covalent
binding) of HS in a reasonable and standardizable manner is more difficult to find. On the one hand,
such a method should provide a meaningful demonstration of the way how is the physical binding on
HS manifested in environmental humics-containing systemes, i.e. it should reasonably simulate the form
and physico-chemical conditions at which the binding occurs in nature. On the other hand, the method
should be quantitative and robust enough to allow comparative studies involving humic substances of
a different type, source or degree of chemical modification, or even to include relevant non-humic
materials as a reference (e.g. other environmental components).

In the case of humic substances, the first and the foremost trouble lies in the selection of the
appropriate colloidal form of analyzed HS. Traditionally, experimental studies on the binding of low-
molecular solutes on HS had been realized either in solution with both components dissolved or via
sorption experiments with solid HS dispersed in a solution of the sorbate. Nevertheless, these
experimental setups suffer several drawbacks regarding the above-mentioned specific requirements.
Some of these are rather specific regarding the experimental design — for example, available analytics
for the determination of unbound solute in the solution of both components is limited to the methods
that are not interfered by dissolved HS (e.g. by their spectral or hydrodynamic behavior). Similarly, the
results of the sorption experiments are influenced by numerous physical parameters of the solid HS
(e.g. particle size or porosity) or experimental setup (e.g. stirring rate) that are difficult to maintain
which reduces experimental reproducibility. Moreover, some limitations of these experimental
designs are more general. For instance, neither the fully dissolved nor the solid particulate forms
simulate properly the form that HS naturally adopts in soils or sediments. Furthermore, it also brings
information mainly on the equilibrium partition of the solute between a bound and unbound form with

34



a limited idea of how this influences the dynamics of the solute distribution in the natural HS-
containing systems [80].

At the time of the IHSS-14 conference, we were already working on the development of an
alternative methodology based on diffusion experiments in hydrogels made from HS (humic acids in
particular). Diffusion, as a process that results from a dynamic behavior on the level of individual
molecules but its manifestations can be easily observed on the macro-scale level, represents a smart
solution for the sought experimental design. As far as it is directly influenced by all chemical and
physical interactions that the molecules of the diffusing compound undergo, it allows investigation of
the molecular binding in a quantitative way, and, at the same time, an effect of this binding on the
macro-scale system dynamics is directly demonstrated. Another advantage of the diffusion-based
methods lies in a broad variety of setups that can be used according to the specific requirements
regarding the volume of the analyzed sample, the concentration of the tested solute, time duration of
the experiment, etc. (various diffusion setups used in our study on HS are illustrated in Fig. 15). For all
these experimental designs, corresponding mathematical solutions of Fickian diffusion equations are
available [81]. This allows determining the effective diffusion coefficient as a primary experimental
outcome by which the interactions in the studied system may be quantitatively and reproducibly
characterized.

Hydrogel media provide numerous benefits as far as the experimental analysis of diffusion is
concerned. Firstly, the diffusion rate in a gel is comparable with the one in a solution with the same
solvent, whereas liquid-specific experimental obstacles (such as density- or temperature-based
convective mixing of the sample) are suppressed. Moreover, gel form allows preparation of the sample
in defined shape and/or dimensions which is necessary for a correct application of the selected
diffusion model and accurate determination of quantitative diffusion parameters. In the specific case
of humics, hydrogel also reasonably imitates highly humid natural habitats of HS (soils, sediments),
where they occur in the partially swelled form.

Initially, we adopted the diffusion-in-gel method in an investigation of heavy metal transport in
humus-containing systems ! -"". Copper was used as a model metal mainly because of its outstanding
affinity towards humic substances [82] and also because of its easy spectroscopic quantification. As an
experimental gel matrix, we used humic acid hydrogels that were prepared by controlled coagulation
of humic acids by acidification of their alkaline solution. In general, the experimental procedure was
as follows: the gel phase (obtained by centrifugation and removal of supernatant) was filled into a
suitable container (usually a plastic or glass tube with well-defined internal dimensions) and brought
into contact with a source of the diffusing solute (cupricions). At the given time(s), we then determined
the concentration of the solute at different positions of the gel sample by the manual slicing of the gel
and gel-liquid extraction of the solute. The main steps of the experimental procedure are illustrated in
Fig. 16. Naturally, the published experimental studies were preceded by an extensive optimization of
the methodology regarding the geometry of the diffusion apparatus, time duration of the experiment,
selection of appropriate extractants, etc.

In our first published work, we designed and tested three different experimental setups
corresponding to those presented in Fig. 15. In the paper, we have also summarized a simple Fickian
mathematical model that explains how the solute binding in the gel affects the value of its diffusion
coefficient that represents the primary experimental outcome. We have found a very good agreement
between obtained experimental data and the proposed mathematical model. Determined values of
Cu? diffusivity in the humic gels varied between 35% to 55% of the value that corresponds to its
diffusion in water. This decrease in diffusivity demonstrates the combined effect of porosity of the gel

1 Sedlagek, P. and Klu¢dkovd, M. Diffusion experiments as a new approach to the evaluation of copper
transport in humics-containing systems. Collection of Czechoslovak Chemical Communications. 2009, 74, 1323—
1340. Attached as Appendix 1.

35



Fig. 15 Various setups used in the developed diffusion methodology
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matrix and binding of copper ions to the contained humic acids and hence represents a quantitative
parameter that illustrates how the binding of the solute on a molecular scale is manifested on the
macroscopically visible slowdown of the diffusion process. This study hence confirmed that the
diffusion-in-gel method represents a valuable option for reactivity and permeability mapping studies
on both natural and artificial matrices containing humic substances. All tested methods proved
themselves experimentally feasible and allowed easy and relatively quick determination of the
diffusion coefficient as a parameter that characterizes and quantifies dynamic effects of HA-solute
binding. The same conclusions have been reached also in a parallel study, in which the diffusion from
the source solution with time-variable concentration". In this work, we have also determined
(effective) partition coefficient as an additional parameter that characterizes the macroscopic
manifestation of HA-solute binding on the preferential absorption of the solute by the gel at the
solution-gel interface.

Fig. 16 The main experimental steps in diffusion studies on the humic acid gels. (a) Filling the gel
into the tube carrier. (b) Diffusion experiment (in diffusion couple on the picture). (c) Slicing the gel in
order to determine the concentration profile of the diffusing solute.

The basic methodology developed and successfully utilized in these initial works was supplemented
with fractionation of the diffused copper ions according to the strength of its binding in the humic gel
in the subsequent study". For this purpose, extraction agents with increasing affinity to copper were
used (water, 1 M MgCl, and 1M HCI, respectively). The results of this study showed that the distribution
of diffusing copper ions among the determined fractions (freely moving, weakly, and strongly bound)
stayed constant after passing a certain time. This indicates the existence of a binding equilibrium which
is created and maintained as the diffusion of the ions proceeds. Hereby, an original diffusion-in-gel

I Sedlaéek, P. and Klu¢adkova, M. Simple diffusion method applied in evaluation of metal transport in model
humic matrices. Geoderma. 2009, 153, 11-17. Attached as Appendix 2.

W Kalina, M., Klu¢akova, M., and Sedlacek, P. Utilization of fractional extraction for characterization of the
interactions between humic acids and metals. Geoderma. 2013, 207-208, 92—-98. Attached as Appendix 3.
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technique was further enhanced in revealing the close interconnection between the strength of a
solute binding and its mobility in the reactive matrix.

The above-mentioned works represented an important first step in the involvement of diffusion
assays in an investigation of solute binding on HS and how it is reflected in the dynamics (e.g. barrier
behavior) of the HS-containing systems. Nevertheless, we were well aware that this simple method
suffered also some severe limitations. Above all, the procedure for the humic hydrogel preparations
did not allow control of the relative content of HS in the gel. The low internal pH of the gel, induced by
the acid-induced coagulation, also suppresses the dissociation of weakly acidic groups of HS and
reduces the electrostatic binding of cationic solutes. Moreover, the aggregation behavior of HS is
influenced by their molecular structure and it is, therefore, uncertain how the solute diffusion process
would be affected by inevitable changes in the internal (physical) structure of the gel brought by the
use of different HS (e.g. HS from different sources or with various chemical modifications). Therefore,
we launched parallel research aiming at the development of an alternative methodology where these
drawbacks would be overcome.

This research effort resulted in the design of novel method, that was first introduced in two
subsequent papers published in the journal “Reactive and Functional Polymers”"V (the experimental
framework is schematically shown in Fig. 17). The main innovation lies in the use of a carrier gel matrix,
without any specific binding affinity towards the diffusing solute, in which the solute-binding humic
component is physically trapped. Agarose was used as the inert gel-forming polymer and lignitic humic
acids (HA) were penetrated in the physically crosslinked agarose matrix during the cooling of the
agarose-HA solution. By this procedure, both the agarose and HA content in the gel can easily be
manipulated. Furthermore, because the whole volume of the solution gelatinizes, gel samples of
variable shapes and sizes can be prepared directly during the gelation in the suitable container without
a need for filling of gel into a holder ex post. Aside from the lack of solute-binding structural
functionality, agarose was chosen also because the process of its thermoreversible gelation is well
understood and the textural properties of the resulting gels are described in details [83].

In the first from the paper series", agarose (reference) and agarose-HA gels were subjected to
through-diffusion of Methylene blue (MB) organic dye. This solute was chosen as a representative of
amphiphilic organic cations (a detailed discussion of the environmental relevance of this class of
compound will be provided in the next section). Although in the published studies we have continued
to pay attention just to this type of solutes, during the optimization steps we confirmed experimentally
that the methodology is universal with respect to the solute of interest. We have first focused on the
steady-state through-diffusion arrangement implemented by the use of diffusion cells apparatus (see
Fig. 15 and Fig. 17e,f). From the analysis of experimental data using a simple mathematical model (re-
summarized in the paper) both the structural (effective porosity, tortuosity factor) and interaction
parameters (apparent reaction equilibrium constants) that affect the diffusion of the solute were
calculated. Similar to the diffusion of copper in the humic gels, the binding of MB to humic acids was
demonstrated to have a significant influence on the diffusion process — with the content of HA in the
gel, the time needed by MB to penetrate the gel from the donor to the acceptor solution increased,
and the rate of MB’s increase in concentration in the acceptor solution decreased at the same time. In
this study, the outstanding potential of the diffusion-cells setup in the dynamic reactivity-mapping
studies was confirmed. The great advantage of this method is that it is well applicable for the study of

V' Sedlagek, P., Smilek, J., and Klu¢adkovda, M. How the interactions with humic acids affect the mobility of ionic
dyes in hydrogels — Results from diffusion cells. Reactive and Functional Polymers. 2013, 73, 1500—1509. Attached
as Appendix 4.

V'Sedlagek, P., Smilek, J., and Klu¢akovda, M. How the interactions with humic acids affect the mobility of ionic
dyes in hydrogels — 2. Non-stationary diffusion experiments. Reactive and Functional Polymers. 2014, 75, 41-50.
Attached as Appendix 5.
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the effects of various physico-chemical conditions such as temperature (as presented in the paper) or
others such as pH or ionic strength (confirmed in other non-published experiments).

Fig. 17 Developed methodology for solute binding studies based on diffusion studies in agarose
gels. Equipment for non —stationary (a — c) and steady-state (d — f) diffusion experiments. (a) Cuvettes
with various concentrations of humic acids immobilized in agarose hydrogel, (b) the same cuvettes after
48 hours of contact with a solution of methylene blue. (c) Original accessory for measurement of UV-
VIS spectra at different positions from the solution-gel interface. (d) Gel-holding insert for the diffusion
cell apparatus. (e) Side-by-side diffusion cell setup with (f) online monitoring of solute concentration in
the acceptor compartment by fiber optic spectrophotometry.

The steady-state diffusion experiments were complemented by a non-stationary in-diffusion study
presented in the succeeding paper”. In this study, another representative of cationic dyes (Rhodamine
6G, R6G) was used in parallel to MB to provide a more general view of the interactions between HA
and organic cations. Diffusion proceeded from the source solution of the respective dye into the plastic
cuvette filled with the gel (agarose or agarose-HA with different HA content, see Fig. 17a). As can be
seen in Fig. 17b, the effects of the solute binding to HA can be seen even visually. On the one hand,
the solute is concentrated in the gel by the presence of HA (note that the intensity of the gel coloring
near the boundary increases with the content of HA in Fig. 17b). On the other hand, mobility of the
solute is (once again) significantly reduced by the presence of HA as demonstrated by decreasing depth
of the solute penetration. The power of the technique to embrace both these effects simultaneously
is very important, because, in a fact, it is exactly the balance of these two opposing effects (tendency
to “suck” the solute out of the surroundings vs. slowing down its movement in the system) that forms
the actual barrier performance of a reactive system. In order to quantify these visually observed
effects, we have constructed a simple accessory that allowed vertical movement of the gel cuvette
with the gel sample in a spectrophotometer (Fig. 17c ) and we, hereby, determined the distribution
(i.e. the concentration profile) of the diffusing dye in the gel at different experimental times. We have
also described how the temperature, pH and ionic strength influence the diffusion of the solutes. Same
as in the previous paper, we calculated apparent equilibrium constants and partition coefficients as
the quantitative parameters describing the HA affinity towards the solutes under corresponding
experimental conditions.
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In general, all the above-summarized studies confirmed that diffusion-in-gel methodology represents
an innovative and valuable experimental tool for the investigation of interactivity and barrier
properties not only for HA, but of diverse functional polymers of a biological, environmental or
industrial concern. The combination of steady-state and non-stationary diffusion experiments provides
a reasonably complex overview of the transport properties of a studied system. While the experiments
in diffusion cells focus on the steady-state stage of the diffusion process and illustrate primarily the
barrier properties of a material after its penetration by the solute, the transient stage of the process is
described by the non-stationary experiments more elaborately, enabling further insight into particular
effects which define the rate of the solute transport. In both diffusion setups, the influence of various
physico-chemical conditions can be studied. Last but not least, the effects of the specific interaction
between the solute and the reactive medium are so pronounced that they can be followed with simple
and cheap laboratory equipment (or even visually), which makes this methodology attractive also for
educative purposes. As will be discussed in the following chapters, the diffusion-in-gel methodology
developed in this study was successfully applied also in the characterization of interactions of low
molecular solutes with other reactive polymers (see chapter 7.1) and in a modified form also in the
study on transcuticular penetration of humate-based biostimulants (chapter 5.1.4). Furthermore, it
also inspired us in the development of the concept of semi-interpenetrated polymer network gels as
novel promising soft-matter materials with tailorable mechanical and transport performance (chapter
7.2).

Nevertheless, the usability of all the above-discussed techniques is limited to the systems, where the
reactive component (HA) is capable of being transformed into the gel form. But what if this is not the
case? For instance, what if the required concentration of the component is so high or the molecular
weight is so low that it can be neither gelled nor interpenetrated into a supporting gel? Fulvic acids
can be given as a simple example of these hard-to-gelatinize compounds. We, therefore, searched for
an alternative diffusion-based experimental technique also for these systems and found the solution
in dialysis experiments"' (see Fig. 18). These experiments can be easily performed in the diffusion cells
apparatus used also for the through-diffusion assays. In the dialysis binding study, diffusion cells,
initially filled with solutions of HS and low-molecular solute, respectively, are separated by a dialysis
membrane that is permeable only for the later solute. During the experiment, the decrease of the
concentration of the permeant solute in its source compartment is monitored in time until the
equilibrium is reached. Hereby, both the kinetics of the solute diffusion and its equilibrium distribution
between bound and unbound forms can be investigated. This method hence complements well the
diffusion-in-gel techniques in the robust methodology that we have developed and optimized for the
solute-binding studies on HS.

5.1.2 On the role of carboxylic groups in the binding of amphiphilic substances by humics

In the preliminary binding studies, summarized in the previous section, the newly developed
diffusion methodology was used in experiments that aimed primarily at verifying that the solute-HS
interaction occurs and that it is effectively demonstrated in the solute diffusion in the system. To
provide a more detailed understanding of the mechanism of these interactions, a follow-up study was
designed to focus more on the structural aspects of the solute binding.

As already emphasized, HS possess a complex amphipathic (supra)molecular structure that
provides the universal binding ability. The irreplaceable role of polar structural moieties (mainly
carboxyls and alcoholic/phenolic hydroxyls) in binding the hydrophilic solutes and surfaces [84] has
been widely reported. Similarly, sorption capacity for non-polar compounds such as polycyclic
aromatic hydrocarbons has usually been attributed to the content of hydrophobic moieties including
aromatic rings [85] and aliphatic carbon groups [86]. We decided to focus our research on the role of
HA’s carboxylic groups in binding hydrophilic and amphiphilic solutes. For this purpose, we

VI Rybérik, J., Sedlaéek, P., and Klu¢dkovda, M. Transport of Organic Dyes in Systems Containing Humic Acids.
Inzynieria Mineralna. 2019, 21.
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Fig. 18 Schematic diagram of the solute binding study based on equilibrium dialysis (left). At the start of the experiment, the impermeant binding solute
is separated from the permeant solute by an appropriate semi-permeable membrane. The concentration of the permeant solute is monitored until the
equilibrium is reached. Images of the experimental apparatus at the start of the experiment (top) and at the equilibrium (bottom) are also shown (right).
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were looking for the way how the content of —COOH binding sites in the structure of studied HS may
be controlled. Based on our copperation with research group of Prof. Laurent Grasset from University
of Poitiers, we have implemented the method of selective methylation of HA’s carboxyls in order to
block these binding sites; among the published methylation procedures, we have chosen exposure of
HA to TMS-diazomethane in methanol [87]. The reaction mechanism of this methylation procedure is
shown in Fig. 19. High effectivity of this substitution procedure was repeatedly confirmed
spectroscopically (33C NMR, FTIR) as well as by means of potentiometric titration.

At first, we implemented the use of methylated lignitic HA into the original methodology developed
for the study of copper-binding in coagulated HA hydrogels*". Using the technique of instantaneous
planar source, we monitored the diffusion of copper ions in hydrogels prepared from mixtures with
different relative content of original and methylated HA. As expected, the relative content of
methylated humic acids affected the rate of the transport of copper in the gel. Nevertheless, from the
more detailed evaluation of the diffusion data, we have found that this effect originates from the
structural changes in the gels rather than from the affected solute binding. This confirmed the
expected drawbacks of the coagulated humic gels —the internal structure of these gels can be severely
altered when the chemical structure of the HS is changed. Therefore, further experiments were
performed with HA (original and the methylated ones) interpenetrated in the supporting agarose gels.

Fig. 19 Reaction mechanism of HA methylation by trimethylsilyldiazomethane in methanol used
in our study on —COOH involvement in solute binding on humic substances.

In these experiments, we have also turned our attention from metal ion solutes to cationic organic
dyes. The first reason for this switch comes from the experimental constraints — the higher absorption
coefficient of the organic dye allows for analyzing diffusion and binding of the solute at lower
concentrations as compared to the inorganic ions. Nevertheless, the main motivation for the
involvement of this type of organic solutes lies in their environmental relevance — the combination of
aromatic and/or aliphatic structural backbone with a positively charged polar group(s) is common for

vil Klu¢dkova, M., Kalina, M., Sedlacek, P., and Grasset, L. Reactivity and transport mapping of Cu(ll) ions in

humic hydrogels. Journal of Soils and Sediments. 2014, 14, 368—-376. Attached as Appendix 6.
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numerous compounds of considerable ecological importance like pesticides, growth retardants, and
industrial waste materials (e.g. surfactants, disinfectants or industrial dyes).

We have published the results of a comprehensive study on the role of -COOH groups in the binding
of charged organic solutes (Methylene blue and Rhodamine 6G) on lignite HA in the journal
“Chemosphere”V". In this study, we analyzed HA entrapped in agarose gels via steady-state through-
diffusion experiments, transient in-diffusion study and also an equilibrium partitioning assay. In this
complex transport-mapping study, we have revealed surprisingly similar effects of original (HA) and
methylated (mHA) humic acids on the partitioning and rate of transport of both tested solutes in the
humics-interpenetrated agarose gels. Because the methylated carboxyls in mHA are unable to
dissociate, this has indicated the simple electrostatic attraction between the positive charge on the
solute and the negative charge brought by the HA’s carboxyls contributes to the binding of the charged
organic solutes less than expected. We proposed in the paper that the interactions between aromatic
moieties in the molecular structure of the solute and humic substances play a crucial role. Moreover,
we have complemented this diffusion study also with conventional batch-sorption experiments in the
suspension of HA. On the significant discrepancy that we found between the sorption and diffusion
results, we have experimentally demonstrated the previously proposed benefits of our methodology
— we have shown how methylation of HA changes the textural properties of solid HA and hence also
their sorption performance. Unlike the suspension, in the form of gel-immobilized hydrated chains,
HA's binding performance is driven primarily by the molecular structure and the structural aspects of
the interactions are hence monitored much more reasonably.

In the follow-up study, we have subjected original and methylated lignite HA also to the dialysis
experiments introduced in the previous section". From the collection of the data obtained by the
diffusion and dialysis experiments, it can be clearly illustrated that a wide range of solute-to-HA
concentration settings can be covered by different setups in the proposed methodology. In Fig. 20,
values of apparent binding constants of the solute (MB) are provided for interactions with HA (original
lignitic and methylated lignitic, respectively) as calculated from the diffusion and dialysis data. In a fact,
this constant represents the effective equilibrium constant of the supposed transition between free
and bound solute

K
MBfree (ﬂ; l\/[Bbound
K _ [MBbound]
P [MBfree] '

where [MBpound] and [MBygee] represent the equilibrium activity (that equals dimensionless
concentration for the diluted systems) of the bound and free solute, respectively. We have discussed
in detail in our published works""""V' how the value of the apparent binding constant can be calculated
from the experimentally determined diffusion coefficients. In the dialysis study, the constant is
determined directly from the distribution of a solute between the two chambers (equilibrium
constraint of the same activity of the free form of the solute is assumed).

It can be seen in Fig. 20 that the particular value of the binding constant varies in the orders of
magnitude not only with the change in solute-to-HA concentration but also when the constraints of
the transport phenomenon or the colloidal form of HA are altered. Once again, this illustrates that the
manifestations of the binding of the solute on its transport in a system are strongly conditions-specific.
On the other hand, it also shows that the proposed methodology is outstandingly robust — selection of
an appropriate experimental technique enables investigation of the binding under particular required
circumstances (transient, steady-state or equilibrium). Last but not least, a comparison of K, values
of original HA and the methylated ones show that the contribution of -COOH groups to the solute
binding depends strongly on the solute-to-HA concentration and the mode of transport. It can be seen

i Smilek, J., Sedlagek, P., Kalina, M., and Klu¢akova, M. On the role of humic acids’ carboxyl groups in the
binding of charged organic compounds. Chemosphere. 2015, 138, 503-510. Attached as Appendix 7.
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that under some circumstances, the binding of MB on methylated HA is apparently stronger as
compared to the original HA. This further indicates an essential role of other than carboxylic structural
motifs in the binding of positively charged organic compounds.

Fig. 20  Equilibrium of HA-charged organic solute binding is strongly concentration-dependent.
The figure shows values of the apparent binding constant of MB binding on lignite humic acids original
(black) and selectively modified by methylation of carboxylic groups (red) plotted against the ratio of
total concentrations of MB and HA in the sample (in the agarose-HA gel in diffusion experiments, in the
HA containing receptor cell in dialysis experiments). Kapp values were calculated from data obtained in
steady-state through-diffusion experiments (x), transient in-diffusion experiments (+), dialysis
experiments with 0.1 g/L HA receptor solution (A) and dialysis experiments with 0.05 g/L HA receptor
solution (L0). For the diffusion experiments, cyg/cha represents the sample-averaged value calculated
as the ratio of total contents of the two components in the gel sample.

It should be emphasized that this phenomenon seems to be general for the binding of various
charged organic compounds on diverse humic acids. Aside from the lignitic HA, we have confirmed the
similar binding behavior of original and methylated humic acids also for IHSS reference humic
material®*. Furthermore, most recently, we have also found similar binding behavior for cationic
surfactants (Septonex in particular) — similarly to the aromatic organic cations, also these aliphatic
charged structures are significantly bound to humic acids and this binding is only slightly suppressed
when the HA's carboxyl groups are masked with selective methylation (data not published yet). Hence,
| can summarize a great deal of experimental work that we have devoted to understanding the binding
of charge organic compounds to humic substances as follows: unlike the binding of strictly hydrophilic
(e.g. metal ions or polar mineral surfaces) or hydrophobic (e.g. polyaromatic hydrocarbons) materials
that can be easily attributed to distinct binding regions in the supramolecular conformation of humics
(hydrophobic core in the latter case, polar surface in the former one), in the binding of amphiphilic
solutes both HA’s regions participate on the solute binding with the relative contributions depending
on the particular binding conditions (the correspondingly updated general concept of HA binding is
provided in Fig. 21).

X Smilek, J., Sedlacek, P., Lastuvkova, M., Kalina, M., and Klucakova, M. Transport of Organic Compounds
Through Porous Systems Containing Humic Acids. Bulletin of Environmental Contamination and Toxicology. 2017,
98, 373-377.
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Fig. 21  Supramolecular architecture of humic acids providing different binding preferences according to the sorbate molecular structure. The concept of
binding charged organic compounds was updated based on our experimental study.

45



Last but not least, we have also performed a preliminary study focused on identifying the particular
non-polar functionalities that mediate this HA-organic ion binding. Using methods of thermal analysis
(isothermal titration calorimetry) we revealed that the binding enthalpy of the interaction is negligible.
This excludes from further consideration strong non-covalent interactions such as ion-ion and
hydrogen bonding. Furthermore, in results of absorption and fluorescence UV-VIS spectroscopywe
have revealed characteristic signatures of charge-transfer interactions. Static quenching of the solute
fluorescence was found for interactions of MB and R6G both with HA (both methylated and the original
ones). Differential absorption spectra manifested charge transfer with the characteristic red-shift and
hypochromic effect (see Fig. 22a,b). For the non-fluorescent solute (Septonex), we turned our
attention to the autofluorescence of humic acids and found the signs of charge-transfer interactions
in the HA’s excitation-emission matrices (note the blue shift in fluorescence peaks in Fig. 23).
Therefore, we conclude this interaction-mapping study (not published yet) in that the aromatic
functionalities play a crucial role in the binding of organic ions on humic acids probably via cation-m,
and 1t -1t stacking.

Fig. 22  Spectral manifestations of interaction between Methylene Blue and Leonardite standard
IHSS humic acids (a, c) and methylated Leonardite standard IHSS humic acids (b, d). Results of
differential UV-VIS absorption spectroscopy (a, b) and steady-state fluorescence spectroscopy (c, d). For
differential absorption UV-VIS spectroscopy, data for 20 mg/L HA and mHA and 5 mg/L MB are shown;
green spectra represent spectra recorded for mixture solution of (m)HA and MB measured against
corresponding (m)HA solution.
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Fig. 23 Results of steady-state fluorescence study on the interactions between Septonex
(0.001 g/L) and 0.01 g/L Leonardite standard IHSS humic acids (a, ¢) and methylated Leonardite
standard IHSS humic acids (b, d). It can be seen that the interaction is manifested in the spectra by blue
shift in fluorescence maxima both for original and methylated HA.

5.1.3 Polarity-based fractionation: an easy tool for revealing the molecular architecture

In the previous two parts of this chapter, | have shown how we had started with an initial physico-
chemical assessment of the question of how binding of a solute on the reactive component of an
environment affects the solute’s molecular transport there and came to the development of a simple,
widely accessible experimental methodology that allows a reasonable investigation of this
phenomenon both in a qualitative and quantitative way. We have placed a great emphasis, particularly
on the simplicity and instrumental modesty of the approach because we believe that it is necessary for
its wide dissemination and verifying its usefulness by as many research teams as possible. Similarly,
we approached another of the current hot-topics in humic research — experimental analysis of the
supramolecular architecture of HS.
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We have been inspired by recent trends in structural analyses on HS. In 2011, a novel stepwise
fractionation procedure was proposed by the Italian research team of prof. Piccolo for separation of
individual molecular components according to the strength of their binding in the structure of the HS
[88]. The authors conceived the experimental approach on the supramolecular conception of humic
substances that they had continuously supported [75, 76], and called it “Humeomics”. The sequential
extraction procedure is designed in order to release constituents of humic supramolecular aggregate
bound by weak intermolecular forces and ester or ether linkages. During each fractionation step (there
are four in total), agueous and organic fractions are obtained which are characterized for their
structure by advanced analytical techniques (GC-MS, HPSEC-ESI-MS, NMR). The authors proposed that
their stepwise fractionation increases significantly the analytical identification of molecular
components of HS and that the Humeomics approach is a reasonable experimental path for mapping
humic molecular composition and for assessing humus origin and formation.

In our work, we focused on an alternative way of reducing the structural complexity of humics. We
have proposed an original sequential fractionation approach using organic solvents of increasing
polarity on peat HA (see Fig. 24) and subjected the obtained organic fractions to a complex
physicochemical characterization utilizing rather basic and widely accessible methods of structural and
compositional analysis (elemental analysis and various spectroscopic methods — UV-VIS, FTIR,
fluorescence spectroscopy, and NMR)*. Although the use of solvents with varying polarity had been
used before in some studies on the extraction of the humics from their natural sources [89—91] and
solubility of isolated HS in various organic solvents had been assessed as well [89], to our best
knowledge, none systematic polarity-based fractionation of isolated HS had been performed before.
We hence suggested this approach as a logical and easy to implement an alternative to more
experimentally elaborate and instrumentally demanding designs such as Humeomics.

Fig. 24  Schematic diagram of original polarity-based extraction method developed for
fractionation of humic acids

X Enev, V., Sedlacek, P., Kubikova, L., Sovova, S., Doskoéil, L., Klu¢akova, M., and Pekaf, M. Polarity-Based
Sequential Extraction as a Simple Tool to Reveal the Structural Complexity of Humic Acids. Agronomy. 2021, 11,
587. Attached as Appendix 8.
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Experimental results that we published in the study* support the current view that not only the
natural organic matter but also the isolated HS still represent a complex mixture of separable
molecular constituents with specific structural and physicochemical properties. For the peat HA
analyzed in our study, we confirmed that the individual fractions, isolated by the proposed polarity-
resolved fractionation technique, are mutually different concerning their origin, molecular weight,
aromaticity, and the content and composition of heteroatomic functional groups. As expected,
fractions extracted with most apolar solvents (trichloromethane and ethyl acetate in our sequence),
showing the structural features characteristic of lipidic compounds (such as low aromaticity, low
oxygen and nitrogen content, high CH, to CHjs ratio), while the other fractions are in general more
aromatic and richer in polar (mainly oxygen-containing) groups. Fraction extracted with acetonitrile
stood out from the others with low aromaticity and high content of protein-like structural motifs, while
the last two (alcohol extracted) fractions were rich in carbohydrate and plant pigment residues.

The pilot experimental study that we published has hence provided a clear confirmation that the
proposed polarity-based fractionation procedure represents a simple but useful approach to a
structural analysis of complex heterogeneous organic matrices such as humic substances. Systematic
utilization of this methodology in the comparative study involving HS differing in type (HA, FA, humin)
and origin (terrestrial, aquatic) could contribute to refining the current notion of the supramolecular
structure of humic substances. In the paper, we also proposed further improvements of the approach.
For instance, it would be extremely interesting to complement the complexity-reducing analytical step
(i.e. the fractionation) with the reversed “synthetic” perspective where the compositional and
structural parameters of the obtained fractions would be synthesized and then reassembled structural
characteristics (e.g. the synthesized spectra) were compared with those of the parental humic
material. This could provide a more complex view on - not only what constituents form, but also how
they are bound together in - the humic suprastructure. And as | emphasized in chapter 4 (see Fig. 10),
it is just the understanding of specific roles of molecular interactions in the structure and performance
of natural systems where | see the irreplaceable contribution of physical chemistry in life sciences.

5.1.4 Transport of humic substances through skin and plant cuticle

As | have already stressed in the introduction to humic substances, it is not only the intrinsic
environmental and ecological role that they play in their natural habitats but also their outstanding
application potential, that makes these substances so attractive scientifically. Among the wide range
of proposed application fields (a few of them are highlighted in the introduction part of section 5.1),
utilization of biological effects of humic substances in the production of plant growth stimulants,
veterinary medicine and also human health-care is currently gaining ground. Figuratively speaking, the
scientific attention is slowly but surely shifting from the effect of HS on environmental health to the
effect on the health of individuals (plants, animals and humans). We have been attracted by this
fascinating branch of HS research as well. Leaving the biological effects themselves aside for experts
in the field, we have focused on another aspect common for all kinds (i.e. plant, animal or human) of
health care applications of HS —the ability of HS to penetrate into an organism through its surface.

Initially, we focused our attention on the penetration of liquid HS through plant cuticles. This was
motivated by the growing interest — not just scientific, but also commercial —in the utilization of liquid
HS in the production of plant biostimulants (mainly for foliar application). Numerous works reported
on the biostimulant effects of humates, namely on the effect on plant growth [92, 93] and nutrient
uptake [94], hormone-like [95, 96] and enzyme-promoting effects [97, 98], as well as some effects
enhancing photosynthesis and seed-germination [99, 100]. On the other hand, a debate has arisen
about the real efficiencyand economical feasibility of the application of humates in agriculture. It was
stressed by some authors that the actual data on the benefits of the use of humates is rather
ambiguous or inconsistent [101-103] and that a comprehensive physico-chemical characterization and
a careful assessment of the mechanism of their foliar action are still needed [103]. Considering the
absorption of humate by the plant organism as a critical step preceding the biological action, and taking
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into account our previous experience with diffusion-in-gel techniques, we, therefore, focused on the
development of experimental methodology for assessment of the rate of trans-cuticular transport of
humates into plants.

Fig. 25 Experimental study of the transport of humate-based biostimulants through plant cuticles.
(a) Schematic diagram of the experimental setup — diffusion couple of donor (i.e. humate containing)
and acceptor agarose gels separated by isolated plant leaf cuticle. (b) Diffusion couples at the start of
the experiment. (c) Diffusion couples after 7 days of the experiment (chemically isolated abaxial cuticle).

We have designed a simple diffusion-mapping technique for the in-vitro investigation and
guantitative description of the penetration of humates through the plant cuticle. The method is based
on spectrophotometric monitoring of the humate diffusion through an isolated plant cuticle that is
placed between two agarose hydrogels forming the common diffusion couple arrangement. We
published results of the pilot study*' on the usability of the technique where we had used artificial
lignohumate and the cuticles obtained from the leaves of Prunus laurocerasus plant via chemical and
enzymatic isolation procedure, respectively. The schematic representation of the method together
with an illustration of the time evolvement of the diffusion experiment is shown in Fig. 25. In the study,
we have demonstrated how the rate of lignohumate penetration differs for the cuticles isolated in a
chemical and enzymatic way. Furthermore, we have also confirmed that barrier properties of the
stomatous and astomatous sides of a leaf differ significantly. Aside from the particular results on the
transport of used lignohumate through the tested cuticles, we have provided a general discussion of
the pros and cons of the proposed technique in the paper. In general, the proposed diffusion technique
represents an easy and cheap tool for an in-vitro experimental assessment of the transcuticular
penetration ability of humates from liquid agrochemical preparations. It has no ambition to simulate

X Smilkova, M., Smilek, J., Kalina, M., Klucakova, M., Pekar, M., and Sedlacek, P. A simple technique for
assessing the cuticular diffusion of humic acid biostimulants. Plant Methods. 2019, 15, 83. Attached as Appendix
9.
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the real conditions during the foliar feeding process. Rather, it aims to answer general research
guestions concerning the penetration of humic-based substances into leaves, such as how the
permeability of cuticles for humates varies among either various plant species or diverse humic
materials.

At the next step, we turned our attention to the penetration of liquid humates through the skin.
The motivation was straightforward and conceptually similar to that of the previous plants-involving
study. There is a growing number of reports dealing with actual and/or potential applications of humic
substances in medicine, pharmaceutics and cosmetics. Some of them are traditional and unsurprising,
such as the balneotherapeutic use of peat, whose origin dates back to the ancient times of Babylonia
and the Roman Empire, where the healing effects of mud baths were already recognized. Nevertheless,
there are numerous specific properties of HS, beneficial for human health and wellness, that were
described and explained quite recently. Comprehensive reviews on this topic are provided elsewhere
[104, 105], it is hence sufficient to recall the antiviral, antibacterial, and anti-inflammatory effects
(commonly attributed to the high binding affinity of HS towards cationic domains), anti- and des-
mutagenic activity, binding of misfolded prions hence eliminating their infectivity, engagement of HS’
quinones in the evolvement of ROS for wound healing and cancer therapy. In cosmetics, the ability of
HS to absorb light in the visible and near-UV range is used in sunscreen, anti-aging, and skincare
products, where the antiviral and antioxidant properties of HS provide additional benefits. Apart from
functioning as active pharmaceutical or cosmetic ingredients, HS also offer numerous indirect effects
that have been engaged in these application fields. Above all, the specific amphiphilic nature of HS
provides them a solubilizing activity, thus enhancing the water solubility of hydrophobic drugs.
Evidently, the potential of HS for use as an active or auxiliary ingredient for pharmaceutical and
cosmetic products is steeply growing. Because the topical administration route belongs to the most
often way how the active agents from the HS-containing products enter the body, it is of great
importance to establish a standard methodology for the assessment of percutaneous absorption of
HS. Once again, we have utilized our experience with the development of diverse laboratory
techniques for diffusion-mapping studies to address this topic.

We have conducted a preliminary screening on the transdermal penetration of HS (not published
yet), utilizing the same commercial lignohumate as in the previous study on plant cuticle permeation
for the model humic substance. As a substitute for human skin, we have used porcine ear skin, because
it is widely reported that it represents a suitable model regarding human skin histology [106] and
mechanical properties [107]. Skin samples were carefully cut off from fresh porcine ear with a scalpel
used either immediately or after being stored at —20°C until utilized. Before using a skin sample in the
penetration experiment, its surface quality and physical intactness were always checked by a light
microscope. Contrarily to the highly brittle and rupture-sensitive plant cuticles, the superior
mechanical properties of the porcine skin did not require any special mechanical support during the
diffusion experiment. Therefore, the penetration experiments were performed using a standard
vertical Franz diffusion cell, where the skin was mounted between the donor and receptor
compartments with the epidermal side up (schematics of the experiment are shown in Fig. 26). As the
source of lignohumate for the penetration experiments, we used hydrogels prepared by stirring of a
defined amount of the solid humate powder, commercial thickener (we tested various carbomers, and
also xanthan as a representative of polysaccharide thickeners) and water until a homogeneous gel
material was obtained (Fig. 26a,b). Aqueous buffer (isotonic NaCl solution) was used as the receptor
environment. To evaluate the barrier properties of the porcine skin towards the lignohumate, the skin-
penetration experiment was always supplemented with a reference diffusion experiment where the
lighohumate transport from the same source gel was monitored in the same apparatus through a
reference porous membrane (nitrocellulose filter membrane Pragopore 8, 0.23 um pore size).
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Fig. 26  Experimental study on transdermal penetration of lignohumate and/or active
pharmaceutical ingredients from hydrogel material. Various tested compositions of the hydrogels with
carbomer thickener (Synthalen M (a), and Polygel CA (b)) as the gelling component. Micrographs of the
pig ear skin membrane from optical (c) and electron (d) microscopy. (e) Marked picture of the
experimental setup based on the commercial Franz diffusion cell apparatus (SES-Analytical Systems,
GmbH, Germany, receptor cell: 20 ml, donor surface 490 mm?).
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In this preliminary study, we have found that the rate of lignohumate penetration through the
model skin is surprisingly high. As can be seen in Fig. 27, the rate of lignohumate transport was only
moderately suppressed by the skin as compared to the porous reference membrane. Similar results
were obtained regardless of the particular gel composition. The high percutaneous absorption of
lighohumate — similarly to its ability to penetrate the waxy plant cuticles — represents another
important manifestation of the complex amphiphilic nature of HS. Considering the combination of this
outstanding ability to penetrate the body surfaces with the universal binding capacity towards diverse
substances, this finding strongly supports further research and development of pharmaceutical and
cosmetic preparations for topical administration of HS as not only active but also an auxiliary
ingredient, influencing the rate of dermal absorption of other active agents.

Fig. 27 Example of results of the skin-penetration study on lignohumate, performed in the
experimental setup shown in Fig. 26. (a) Penetration of lignohumate from hydrogel containing 2 wt. %
of carbomer thickener (Polygel CB) and 1 wt. % lignohumate thorough model skin and reference porous
membrane, respectively. (b) Results of the same experiment for hydrogel with 4 wt. % of carbomer
thickener (Polygel CB) and 5 wt. % lignohumate. (c) Results for hydrogel containing 5 wt. % of
polysaccharide thickener (Xanthan) and 5 wt. % lignohumate.
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5.1.5 From understanding the natural function to the development of novel application forms

As | repeatedly pointed out when introducing the concept of biophysical research that | have been
involved in, | have always put a special effort into implementing the fundamental knowledge gained
from the basic phenomenological investigations into an applied research attitude to the topic. In
course of the study on interactions of humic substances, we have practically experienced how the
binding ability of HS comes to the fore when the humics are incorporated in a hydrogel medium. This
could be employed not only in a reasonable simulation of the binding performance of natural HS but
also in designing and developing new application forms of HS. Taking into account the high apparent
molecular weight of HS and the proven ability to coagulate HS from solution by non-covalent
crosslinking, their universal binding capability and complex inherent biological activity and also the
demonstrated ability of some humic fractions to penetrate the surface of the plant and human body,
development of hydrogels with incorporated HS seem exceptionally promising for the application
fields ranging from agriculture to human medicine. Humic component of the gels could provide
numerous functions according to the specific requirements of the application [105]. In soil amendment
preparations, HS are primarily intended as an active ingredient that aims at improving the quality and
content of soil humus, whereby the gel form can help to assure a controlled release of the humic
component to increase the effectivity of its fixation in soil and prevent unwanted losses e.g. by
rainwater washout. The proven ability of lower-molecular-weight HS to penetrate plant cuticles also
rationalizes the idea that the humic substances released from the gel carrier into the soil could also
provide direct bio-stimulating effects on plants [108]. Moreover, their widely described binding ability
towards diverse solutes also determines HS as the potent colloidal carriers, that can control the soil
concentration level and mediate the bioabsorption of various compounds, ranging from in-/organic
nutrients [109], through growth enhancers and retardants, to pesticides [80, 110]. Similarly, also in the
applications focused on the care of human health and wellness, the combination of the gel form and
a humic ingredient as either active (providing direct medicinal or other biological effects) or auxiliary
(utilized in order to solubilize and/or improve the absorption of other bioactive compounds) ingredient
[111, 112] seems increasingly attractive. Furthermore, either in agricultural or topical health-care
applications, the gel form provides also one additional significant benefit — it manages the water
content at the place and prevents its drying out. Naturally, this capability is of similar importance for
agriculture (e.g. prevention of rainwater run-off and keeping the soil moist) as for medical or cosmetic
applications (e.g. wound healing, skin hydration etc.). We have therefore paid attention to both types
of potential applications of HS prepared and characterized some original hydrogel compositions with
HS incorporated in them.

Regarding the design of humics-containing gels intended for use as soil amendments, we have
followed two basic preparation routines. The first path that we followed in the development of HS-
containing hydrogels for agricultural uses led us to superabsorbent hydrogels, where the humic
component is chemically trapped in the poly(acrylic acid) polymer network. These materials, designed
in order to provide a combined controlled release of HS and mineral nutrients together with extremely
high water-holding capacity, will be discussed in detail in section 7.3.1. The second way of the applied
research was focused on the electrostatic cross-linking of humic acids with the use of oppositely
charged biopolymer chitosan (see Fig. 28). The main findings of the pilot study dealing with this original
gelation approach, based on the combination of two abundant and renewable natural materials, were
described in detail in a book chapter®. The formed polyelectrolyte complexes (the concept will be
further discussed in 7.3.2) provided hydrogels, whose properties - such as dry matter content, swelling
behavior, mechanical properties of both swelled and dried material, but also sorption performance —
can be significantly influenced by the preparation procedure (concentration of the gelling component,
pH and ionic strength in the HA and chitosan solutions, addition of low-molecular electrostatic
crosslinker, temperature, etc.). To sum up, for both HS-gelation strategies that we followed, we have

X Kluedkova, M.; Sedlagek, P.; and Ondruch, P. Preparation and characterization of new application forms of
humic acids. In Recent Research Developments in Materials Science; Research Signpost: Kerala, 2009; pp. 59-80.
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demonstrated that the particular material properties of the gels - including the possibility of managing
them through the preparation process - are extraordinary promising, and | believe that our
contribution in this field may open the door to new, unconventional trends in the design of HS-based
formulations for the use in agricultural and environmental technology.

Fig. 28 Swelled (a-c) and the corresponding dried (d-f) forms of HA-chitosan hydrogels. (a,d)
Macrogel prepared by fusion of chitosan and HA solutions. (b,e) Hydrogel beads prepared by adding a
viscous chitosan solution dropwise into HA solution. (c, f) Whole-volume gelation via alkalization of
chitosan/HA mixture by ammonia vapors. Drying of the gel (c) results in film (f) with a high swelling
ability.

As we have already partially discussed in the previous section, apart from the design, preparation
and characterization of the HS-containing gels intended for agricultural use, we have also dealt with
the potential utilization of HS in gels for cosmetic and pharmaceutical applications. We have
demonstrated how the ability of HS to enter the body through the skin can elucidate the biological
effects of topical applications of HS per se. Nevertheless, we also considered whether and how the
presence of HS affects the transdermal absorption of other active pharmaceutical ingredients (APIs).
We have therefore complemented the already discussed skin-penetration experiments in Franz cells
with a screening study where an APl was contained in the hydrogel with or without HS (lighohumate
in particular). Again, we tested various hydrogel compositions (several carbomers and xanthan were
used as thickeners) and we compared penetration of the API (diclofenac, ketoprofen and salicylic acid
were used as model analgesics) through the synthetic porous membrane and the model skin (porcine
ear skin). Surprisingly, we have revealed reproducible enhancement of the skin-penetration rate for all
tested APIs when the lignohumate was present. Our results (not published yet) hence strongly
supports the idea that the solubilizing ability, caused by their complex amphiphilic molecular structure,
provides HS with a great potential for use in topical preparations as a skin absorption enhancer. We
have also found out that our finding is consistent with several studies provided recently by Mirza [113—
115] who demonstrated how complexation with HS enhances a pharmacokinetic profile of several
drugs in oral delivery.

Altogether, both the new insights into the structural aspects and binding behavior of HS, uncovered
during our extensive fundamental research on these compounds, and the preliminary suggestions on
their possible application merits, resulting from the applied research studies, led us to the strong
conviction that humic substances represent a clear example of how fascinating materials, multi-
faceted in their natural roles, and at the same time beneficial and inspiring in their artificial use, nature
has created and offers us to explore.
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Fig. 29 Results on the effect of lignohumate on penetration of model analgesic APIs from 5 wt.%
xanthan hydrogels through skin., Experiments were performed in the experimental setup shown in Fig.
26. Data show penetration of diclofenac (a,b), ketoprofen (c,d) and salicylic acid (e,f) through synthetic
Pragopor 8 membrane (a,c,e) and model skin - porcine ear skin (b,d,f). Source compartment was filled

with 2 g of the 5 wt.% xanthan hydrogel containing 1 wt. % API and either 0 wt.% (filled) or 1 wt.%
(striped) lignohumate.
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5.2 Microbial polyesters: what makes their structure in cells so special?

Obviously, HS represent just one of many examples of fascinating natural materials that have long
been and still are attracting the attention of scientists worldwide. The number of choices for a curious
material scientist is increased vastly when shifting his/her attention from the non-living to the living
nature. Let me highlight one special example from the large family of biopolymers.
Polyhydroxyalkanoates (PHA, chemical structure is shown in Fig. 30) has continuously been attracting
a great and still growing deal of scientific interest since they were discovered by Lemoigne in 1926.
PHA are microbial polyesters accumulated by numerous prokaryotes in form of intracellular granules
(see Fig. 31), primarily as a carbon and energy storage material. Poly(3-hydroxybutyrate), or PHB, the
homopolymer of 3-hydroxybutyric acid, is the most widespread natural representative of these
polymers, however, it was reported that there are more than 150 hydroxyalkanoic acids that can be
introduced into the polymer chain by various microbes [116], PHA in a fact offer a great variety of
structural functionalities and hence cover a wide range of material properties. According to the
particular monomers contained, PHA are referred to as short-chain-length (scl-PHA) when they are
composed of hydroxyacids with 3 — 5 carbon atoms, whereas medium-chain-length PHA (mcl-PHA)
contain monomers with 6 — 14 carbon atoms.

Fig. 30 (a) Schematic representation of the molecular structure of PHA. (b) The most common PHA
monomers. The main chiral center of the structure is marked with an asterisk.

Although the purpose for PHA accumulation had long been seen just in the energy metabolism,
recent research findings (including the results of our research projects introduced in Chapter 6 of this
thesis) revealed the biological (or even the evolutionary) role of PHA is in fact much more complex.
The specific role of PHA in protection against and adaptation to diverse stress factors will be discussed
thoroughly later. Apart from that, it has also been described that PHA contributes to the establishment
of symbiosis between prokaryotes and plants [117, 118] or insects [119], and participates in other
survival strategies such as endospore formation in Bacilli and related species [120].

Analogically to HS, PHA as well play not only an irreplaceable natural role but they are also
considered to be auspicious materials for artificial uses. Being produced from renewable resources by
approaches of microbial biotechnology, and offering highly esteemed application- and lifecycle-related
features such as biocompatibility, biodegradability and compostability, PHA represent highly promising
“green” candidates for replacement of petrochemical polymers on the way toward sustainable
production of plastics. As mentioned in Chapter 3, the involvement of biopolymers in the production
of bioplastics represents one of the most topical R&D issues. Current global production of bioplastics
(2.11 million tons in 2020, [121]) is expected to increase by more than 35% by 2025, still representing
less than 1% of the total annual production of plastics (368 million tons in 2020 according to Bioplastics
market data, 2020). Among the bioplastics currently on the market, PHA yet represent a minor
contributor (1.7% of the total amount of bioplastics produced in 2020); nevertheless, the market share
is foreseen to increase significantly to 11.5% by 2025.

One reason for this expected growth certainly lies in the aforementioned versatility of composition
that can be provided by various members of PHA family. However, there are two constraints that need
to be overcome to open the door for a broader expansion of PHA on market. First, a complex
understanding of how the application performance of PHA products can be tailored by chemical
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structure (i.e. monomer composition and polymerization degree) and physical conformation (i.e.
degree of crystallinity) is needed. Second, technologically feasible and economically competitive
processes for the biosynthesis of PHA with adjustable composition and molecular weight must be
developed.

Fig. 31  Morphology of PHA granules in PHA-producing bacteria. (a) PHA granules in the cells of
the mesophilic PHA producer Cupriavidus necator H16. (b) Schematic representation of fundamental
structural features of PHA granules. (c) Isolated PHA granules.

In this section, | will introduce our research studies focused on the material aspects of PHA. First, |
will describe in vivo investigation in that we focused on the native structure of PHA in bacterial cells
(5.2.1). Then, | will describe the biotechnological process, developed by us, that allows the preparation
of PHA materials with structure and application properties that can easily be manipulated by the
cultivation conditions (5.2.2).

5.2.1 Polyhydroxyalkanoates in vivo: staying unfavorable

At first glance, it could seem that structural biologists must find PHA molecules absolutely boring.
Their primary chemical structure does not compare to the complexity of other fascinating biopolymers
such as proteins or nucleic acid. Nevertheless, a closer look at structural aspects of PHA can bring an
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unexpected attractiveness for biologists and also at least one surprising similarity with the above-
mentioned biopolymer family stars: the fact that we can distinguish a native and denatured (i.e. the
biologically active and inactivated, respectively) form of the compound and that transformation
between the two forms can be induced easily (at least in one direction).

There are in fact two especially fascinating structural aspects of the intracellular PHA. First, the way
how the hydrophobic polymer is made compatible with the aqueous cell cytoplasm and
compartmentalized there in a form capable of metabolic utilization. Second, the fundamental
difference between basic material (mainly mechanical) properties of PHA inside and after isolation
from the bacterial cells. It is well known that isolated PHB, the most common member of PHA family,
constitutes a brittle material with an elongation to break as low as a few percent. This deformation
behavior is attributed to the high crystallinity of the polymer. Nevertheless, it is well evidenced that
inside the bacterial cells, the same polymer shows astonishing flexibility. It was repeatedly
demonstrated by visualization of PHA accumulating bacteria with scanning electron cryomicroscopy
(cryoSEM) that the cells, fixed and fractured at temperatures below -100 °C, show a specific plastic
deformation of PHA granules, manifested by characteristic needle-type deformation artifacts where
the granule stretches by more than 100% its original size (see Fig. 32b,d). Although the first reports on
this unusual deformation behavior of cellular PHA date back to the 1960s, little attention was paid to
the obvious discrepancy with the highly crystalline nature of the isolated polymer back then.

Fig. 32  Characteristic plastic deformation of PHA granules during cryoSEM imaging of PHA
accumulating cells. (a, b) First report on the needle-type deformation published for Nitrobacter cells by
Van Gool [122] in 1969. (c, d) Similar deformation behavior of C. necator H16 revealed in our study™".
(Results of cryoSEM (b, d) and TEM (a, c) visualization of the cells are compared for clarity.)
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We have provided an in-depth review the history of structural studies on the structure and
supramolecular architecture of PHA granules in vivo in our review article® where we have also
summarized our original contribution to the topic. We have described how the view on the mechanism
of PHA solubilization in the cell shifted from the original idea of the polymer granule core covered by
a layer of phospholipids [123] to the currently accepted notion of the surface layer of so-called PHA
granule-associated proteins (PGAPs), that include PHA synthase, PHA depolymerase, functionally
multifaceted surface proteins so-called phasins, and regulatory proteins [124]. We have also described
how this supramolecular protein-polyester composite is involved in the metabolism of PHA.
Nevertheless, in our research, we have paid our attention mainly to the second interesting attribute
of the native PHA — their strictly amorphous nature.

Speaking in exaggeration, the discovery of the inherent amorphousness of intracellular PHA was
brought about more by scientific ignorance than by intent. It was in the 1980s, when the research
group of Sanders measured 3C NMR spectra of intact PHA-containing cells. The authors later conceded
that they had ignored the conventional wisdom prejudging NMR to fail in analyzing cellular PHA, and
therefore succeeded to record spectra of PHA in the resolution unattainable for a crystalline polymer.
Later, they supported their NMR results with X-ray diffractometry and proved the absence of a
substantial quantity of crystalline PHA in the cells. Since then, the biological importance of the
amorphous structure of intracellular PHA has continuously been debated as well as a mechanism by
which this thermodynamically unfavorable state of the polymer is maintained. The mechanism was
expected to be simple, universally available and undemanding for any specific chemical or biological
mediator because it was soon revealed that the transfer of genes related to PHA synthase enabled the
formation of apparently fully biologically functional PHA granules not only in PHA non-accumulating
bacteria [125], but also in green plants [126].

Two main plasticizing effects has been proposed (see Fig. 33). The first one calls for the presence of
an anonymous substance that acts as a plasticizer in the granule — it restricts the PHA chains from the
molecular reorientation necessary for the crystallites to be formed. It is well known that despite its
hydrophobic nature, PHA granules contain a significant amount of water inside (up to 10 wt. %
according to Lauzier [127]).

Therefore, since the very beginning of these considerations, speculations on the role of water in
this effect have been arising repeatedly (as reviewed in™), however, without any experimental
evidence. The alternative mechanism for PHA plasticization was proposed by those who had evidenced
the need for it — by the group of Sanders. Their explanation follows the laws of chemical kinetics and
suggests that the crystallization of native PHA is restricted by the extremely low volume of the polymer
granule where the rate of nucleation converges to zero [124, 128]. The authors also supported their
theory with an experimental study on the rate of crystallization of artificially synthesized amorphous
PHA of the submicron size. Nevertheless, even this explanation was not fully consistent with all
experimental observations (e.g. with the crystalline-shell/amorphous-core PHA granules described by
Lauzier [127]).

When reviewing the literature sources on this topic, our attention was caught by frequent reports
on how various chemical and physical treatments “denature” PHA —i.e. alter the structure of PHA into
the form not utilizable by the cells (again, the summary of these works is provided in our paperX"). At
the time, we had already been fully engaged in the topic of the involvement of PHA in stress survival
and robustness of bacteria (discussed in detail in 6.2). Therefore, we were inspired to design a

X" Obruca, S., Sedlacek, P., Slaninova, E., Fritz, |., Daffert, C., Meixner, K., Sedrlova, Z., and Koller, M. Novel
unexpected functions of PHA granules. Applied Microbiology and Biotechnology. 2020, 104, 4795-4810. Attached
as Appendix 10.
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systematic study relating stress exposure of PHA-containing cells, structural and morphological
changes induced on PHA granules by the stress, and the impacts of these changes on the survival and
cultivability of the cells.

Fig. 33  Two formerly proposed theories on the mechanism of PHA plasticization in vivo — I. effect
of a molecular plasticizer, and Il. chemico-kinetic model based on limited volume of the granules.

In our study*", we exposed bacterial cultures of a PHA producer (C. necator H16) with high content

of accumulated PHA in the cells (above 70% of cell dry weight) to various stress conditions (elevated
temperature, freezing/thawing cycles, high salinity, acidic pH). With TEM, we determined changes
caused in the cellular morphology and ultrastructure, and with time-resolved ATR (attenuated total
reflection) FTIR spectroscopy, we monitored changes in PHA crystallinity in the cultures as they were
freely dried on the ATR crystal (the methodology for assessing crystallinity of PHA by vibration
spectroscopy will be further discussed in 6.1.1). We have confirmed by the combination of these two
assays that only those stress factors that caused the aggregation of intracellular granules induced also
the crystallization of PHA. With respect to the significant spectral signs of protein denaturation in these
samples, we inferred that the aggregation process was initiated by stress-induced structural changes
in the granule-associated proteins inactivating their surfactant role on the granule-cytoplasm
interface. The fatal impact of granule aggregation on cell physiology was also confirmed in our study
by the cell cultivation test. This finding that granule aggregation is a necessary condition for PHA
crystallization could in itself be considered strong evidence for the correctness of the chemical kinetic
explanation of the amorphousness of intracellular PHA proposed by Lauzier. Nevertheless, we have
also revealed that in the otherwise intact cells with the stress-induced aggregation of PHA granules,
the crystallization never followed the stress exposure immediately. Instead, it always occurred with a
significant time delay after the cell culture got dried. Obviously, the increased volume of coalesced
granules was not by itself able to initiate the crystallization process. The importance of the cell drying
hence brought the plasticizing role of water back to the scene.

Based on these experimental results, we proposed an updated view on the way of PHA
plasticization in vivo that assumes concurrency and synergism of both previously considered
mechanisms (see the schematics of our idea on the mechanism of stress-induced PHA crystallization
in vivo in Fig. 34). We consider the metastable amorphous state of PHA as a result of the well-tuned
interplay of kinetic effects resulting from the sub-micron volume of the granules and the plasticizing
effect of intragranular water. Anyway, the physical state of cellular PHA is another obvious example

XV Sedlacek, P., Slaninova, E., Enev, V., Koller, M., Nebesarova, J., Marova, |., Hrubanova, K., Krzyzanek, V.,
Samek, 0., and Obruca, S. What keeps polyhydroxyalkanoates in bacterial cells amorphous? A derivation from
stress exposure experiments. Applied Microbiology and Biotechnology. 2019, 103, 1905-1917. Attached as
Appendix 11.
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of a topic where physical chemistry and biology shake their hands. The long-known inability of
intracellular depolymerases to cleave crystalline PHA has led to the current use of the terms “native”
and “denatured” PHA as synonyms for amorphous and crystalline PHA, respectively [129].
Furthermore, | will discuss in the next chapter (section 6.1.3) that recent studies (including ours) have
shown that the biological consequences of the unique physical state of native PHA are not limited to
the metabolism of this compound and are in fact much more complex. To conclude, this particular
research topic can hence be used as another example of the general message repeatedly emphasized
in this thesis — the fact that the (molecular) interactions build up the specific supramolecular
architecture of the system, which in turn rules its material properties and — in this case — also the
biological performance. Designing and performing the experimental studies in order to uncover this
relationship for diverse ecological and biological systems is where | see the exclusive and irreplaceable
role of biophysical chemistry.

Fig. 34  Stress-induced crystallization of PHA in the cells as explained by the synergy of chemical-
kinetic and water-mediated effects proposed as the updated view on PHA plasticization in vivoX"*",

5.2.2 Development of nature-inspired bioplastics with tailorable properties

Similar to our research interests in humic substances, also in the case of PHA we have put an effort
into utilizing the fundamental knowledge gained on the native behavior of the material also in its
applied research. The application potential of PHA is outstanding. Over the past years, the range of
end uses that PHA has been proposed or tested for, as well as the list of PHA producing and/or
researching companies has steadily grown. Certainly, the most often proposed use of PHA-based
plastics is in the packaging industry. With its biodegradability and good gas barrier properties, PHA
seems a great candidate for the production of materials with a short lifespan, such as food utensils and
daily consumables. Other low-cost uses of PHA are intended in agriculture (e.g. production of
biodegradable mulch films or growth bags) and in the production of single-use disposable items such
as bottles, cups, shopping bags or cosmetic containers. On the other hand, specific biological (e.g.
biocompatibility) and chemical properties (e.g. chiral purity, easy chemical modification) make PHA
beneficial also for various high-end applications, including biomedical uses in tissue engineering (e.g.
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PHA-based medical implants) and in drug delivery, and, last but not least, involvement of PHA as the
chemical precursor in the synthesis of various fine chemicals. More details on the current state of PHA
applications are provided elsewhere [130].

In the current commercial uses of - as well as in the applied research on - PHA, PHB still represents
the main subject of interest. Nevertheless, the already discussed inherent crystallinity and the
associated brittleness and rigidity of PHB represent a severe limitation of the material, especially in
the film-forming segment, e.g. in the packaging industry. Therefore, special attention has recently been
paid to alternative PHA materials — mainly copolymeric and mcl-PHA, and also the PHA-containing
polymer blends or resins [131-133]. Furthermore, regardless of the relative growth of the segment of
PHA bioplastics in recent years, incomparably high current production costs compared to other
(bio)plastics still represent the severe limitation hindering the further expansion of PHA in the market.
Therefore, strong efforts are currently targeted also on searching for novel trends in the
biotechnological production of PHA that would increase the economic feasibility and competitiveness
of PHA uses.

In our applied research interest in PHA materials, we have been trying to aim at both above-
mentioned targets. We have developed and published several biotechnological processes for microbial
production of PHA copolymers or terpolymers®V*V1XVIl The cost-effectiveness and competitiveness of
the technological process were improved by the involvement of thermophilic producers®™'*' with
respect to the recently proposed concept of Next-Generation Industrial Biotechnologies (will be
discussed further in 6.2.3). In general, the crystallinity of the polyester should be substantially
decreased by the incorporation of monomers with additional carbon atoms either in the main chain or
in the side groups. We have therefore aimed at embedding 3-hydroxyvalerate and 4-hydroxybutyrate
monomer units in the 3HB polyester chain. Naturally, my role and competence in these studies lays in
the complex physicochemical characterization of the obtained materials with a special focus on their
crystallinity. To evaluate the crystallinity of the produced polymers both qualitatively and
guantitatively, we have supplemented traditional techniques (DSC, XRD) with ATR FTIR spectroscopy.
The main advantage of this technique is that it provides fast analysis and also spatial resolution — for
instance, it allows evaluation of the spatial homogeneity of the crystallinity in polymer films.

We have confirmed that changing the monomer composition of PHA by varying cultivation
conditions enables manipulation with the crystallinity of the material in a wide range. Fig. 35 shows
how the relative content of 3HV in P(3HB-co-HV) polymers biosynthesized by Schlegelella
thermodepolymerans influences crystallinity markers obtained by DSC and FTIR analysis®'. Evidently,
with the single bacterial producer cultivated under different conditions, it is possible to obtain
copolymers with crystallinity ranging from about 60 % (P(3HB)) to apparently zero (P(3HB-co-33%
3HV)).

In the subsequent study*"" (the schematic representation of the strategy used in the study is shown
in Fig. 36), we evaluated our own thermophilic isolate (the unique protocol of “osmoselection” that
we developed and used for its isolation will be described in 6.2.3) as a candidate producer of PHA
copolymers. This bacterium, isolated from the urban composting plant located in Brno, was

XV Kucera, D., Novackova, I., Pernicova, I., Sedlacek P., and Obruca, S. Biotechnological Production of Poly(3-
Hydroxybutyrate-co-4-Hydroxybutyrate-co-3-Hydroxyvalerate) Terpolymer by Cupriavidus sp. DSM 19379.
Bioengineering. 2019, 6, 74.

XVI Kourilova, X., Pernicova, I., Sedlar, K., Musilova, J., Sedlacek, P., Kalina, M., Koller, M., and Obruca, S.
Production of polyhydroxyalkanoates (PHA) by a thermophilic strain of Schlegelella thermodepolymerans from
xylose rich substrates. Bioresource Technology. 2020, 315, 123885.

XVl pernicova, |., Novackova, |., Sedlacek, P., Kourilova, X., Kalina, M., Kovalcik, A., Koller, M., Nebesarova, J.,
Krzyzanek, V., Hrubanova, K., Masilko, J., Slaninova, E., and Obruca, S. Introducing the Newly Isolated Bacterium
Aneurinibacillus sp. H1 as an Auspicious Thermophilic Producer of Various Polyhydroxyalkanoates (PHA)
Copolymers—1. Isolation and Characterization of the Bacterium. Polymers. 2020, 12, 1235. Attached as Appendix
12.
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taxonomically classified as a member of the genus Aneurinibacillus, designated as Aneurinibacillus sp.
H1 and deposited in the Czech Collection of Microorganisms.

Fig. 35 Results of DSC (a) and ATR-FTIR (b) analysis of P(3HB-co-3HV) copolymers with the relative
content of 3HV ranging from 0 to 33.3 % produced by Schlegelella thermodepolymerans under various
cultivation conditions®'. (a) In DSC heating thermograms, endothermic melting (solid arrow), glass
transition (dashed arrow) and exothermic cold crystallization (dash-dotted arrow) of the polymers can
be monitored. (b) ATR FTIR spectrum in the spectral range of 1500 cm—1 to 800 cm—1 shows the main
structural differences among individual P(3HB-co-3HV) copolymers including crystallinity sensitive
bands at 1180 cm—1 and 1227 cm—1 (dashed lines). (c) Decrease of crystallinity of P(3HB-co-3HV)
copolymers with relative content of 3HV monomer illustrated by crystallinity markers determined by
DSC (|AH,,| — |AH,.|) and FTIR (A1227/A11s0), respectively.

In the pilot assessment of its biotechnological potential, we have revealed its extraordinary ability
to synthesize PHA copolymersand terpolymers containing high molar fractions of 3HV and 4HB
subunits when valerate and/or 1,4-butanediol are used as 3HV and 4HB precursors, respectively. The
study was followed by a thorough material analysis of the produced polymers in form of the solvent
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(chloroform) casted films*"". Results of infrared spectroscopy, X-ray diffractometry, and differential
scanning calorimetry clearly demonstrated that in 3HB prevailing polymers, the 4HB monomer acted
as a structure-breaking component of P(3HB) crystalline lattice and, similarly, when the 4HB monomer
predominated the polymer composition, residual 3HB units reduced the overall P(4HB) crystal lattice
content. Polymers with a comparable content of 3HB and 4HB in the polymer chain showed the lowest
crystallinity and the amorphous character predominated. When 3HV was also incorporated into the
chain, the effects of the 4HB presence were strengthened. We hence proved that the developed
technology for the biosynthesis of P(3HB-co-4HB) allows controlling crystallinity of material both
qualitatively (regarding the type of predominating crystalline lattice) and quantitatively (overall degree
of crystallinity). In this study, we also demonstrated that the monomeric composition and
corresponding crystallinity of the material affect also its thermochemical stability (determined by
thermogravimetry) and also the rate of enzymatic degradation. In the two studies, we hence evidenced
that the isolated bacterium Aneurinibacillus sp. H1 is an outstandingly auspicious candidate for the
next-generation biotechnological production of PHA. It combines the economic benefits of
thermophile-based production with the capability to “tune” the chemical composition and physical
structure of the produced polymer according to the required material performance.

Fig. 36  Schematic diagram of recently developed strategy for the production of copolymer PHA-
based bioplastic films

Most recently, we have launched a follow-up in-depth study on the application-relevant properties
of the produced PHA copolymers produced by Aneurinibacillus sp. H1 . With respect to the potential

XVil sedlacek, P., Pernicova, I., Novackova, ., Kourilova, X., Kalina, M., Kovalcik, A., Koller, M., Nebesarova, J.,
Krzyzanek, V., Hrubanova, K., Masilko, J., Slaninova, E., Trudicova, M., and Obruca, S. Introducing the Newly
Isolated Bacterium Aneurinibacillus sp. H1 as an Auspicious Thermophilic Producer of Various
Polyhydroxyalkanoates (PHA) Copolymers—2. Material Study on the Produced Copolymers. Polymers. 2020, 12,
1298. Attached as Appendix 13.
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use of the materials in the production of active and/or intelligent packaging, we have been focusing
mainly on the deformation behavior (stress-strain response) of the films, their surface properties
(wettability), transport properties (i.e. release kinetics of hydrophilic and hydrophobic solutes from
the polymer films) and barrier performance (gas permeability of the films). Considering also potential
biomedical uses of the polymers, we have assayed also the biodegradation of the films in model body
fluids. Although the study is still in progress, the preliminary results confirm that all these properties,
expectedly dependent on the crystallinity of the material, can be tailored via adjustment of the
monomer composition of PHA copolymers by controlling the conditions of the biotechnological
process (some examples of the preliminary results on the barrier and transport properties are shown
in Fig. 37 and 38, first results on the biodegradation have already been submitted for publication).

To conclude, the degree of the molecular order in the architecture of PHA systems is not only of
great biological importance in the natural intracellular PHA granules but also of extraordinary
significance in the development of reasonable PHA materials for artificial uses. As nature has found
ways of how dealing with PHA crystallinity in the living cells, we also need to find our options on how
to manipulate this essential, performance-ruling property of PHA utilized technologically. In our work,
we have experienced how beneficial the synergy between bio(techno)logy and material (or physical)
chemistry might be in taking this challenge.

Fig. 37 Example of results from a preliminary study on barrier properties of PHA polymers with
different monomer compositions. (a) Schematics of the experimental setup for determination of water
vapor permeability of the PHA polymer films. (b) Picture of the sorbent (desiccant) container with the
PHA film fixed on the orifice. (c) Amount of water absorbed by the desiccant as a function of time for
P(3HB-co-4HB) copolymers containing different relative contents of 4HB: 0% (0), 39% (<), 54% (x), and
94% (A).
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Fig. 38 Example of results from a preliminary study on transport properties of PHA polymers with
different monomer composition — release of Rhodamine 6G incorporated into the film during solvent-
casting (concentration of R6G in the polymer solution 1g/L). (a) Picture of the samples at the start and
the end of the release experiment. (b) Kinetics of RG6 release during the first ten hours of the
experiment.
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Chapter 6:
“Physical microbiology”: physicochemical support

for biotechnology and microbiology

“Gentlemen, it is the microbes who have the last word”
(Louis Pasteur)

In the next chapter, we will unzoom our focus from individual chemical components (such as the
biocompounds discussed previously) to whole organisms — although perhaps the simplest ones. My
personal scientific interest in microbes began in 2015 when | was invited to join a research project
dealing with PHA-producing bacteria. Before | had considered bacteria as something that no physical
chemist would intentionally keep company with and if someone accidentally met it, after all, he or she
would care only about getting himself/herself prescribed antibiotics. Very soon, | realized how silly my
original idea of bacteria was.

Bacteria are the oldest known and the most widespread inhabitants of the planet Earth. We can
find some of the approximately five million trillion trillion (no, the second trillion is not there by
mistake!) of them literally everywhere — from deep thermal vents to clouds in the atmosphere, to the
inside of our body (in there, the number of bacterial cells outnumbers the human body cells by tens of
percent). Lined up end to end, they would stretch some 10 billion light-years — literally from here to
the edge of the visible universe. Among these huge numbers, the vast majority of them is harmless or
even helpful for humans. And, furthermore, these “simple” organisms are outstandingly attractive for
scientists. Not just because most of them are yet to be identified, but also the old acquaintances are
still full of surprise, as we have experienced in our research. And, as | will try to illustrate in this chapter,
also in the study of these living organisms, physical chemistry can do a great job. Not only by expanding
the methodology for cell analysis by techniques and analytical approaches conventionally utilized in
totally different research areas (section 6.1), but also by providing original concepts and perceptions
in understanding and explaining interesting biological phenomena (sections 6.2 and 6.3).

During the last 7 years, on the research topics dealing with bacteria, we have built an original
interdisciplinary scientific approach involving microbiology, biotechnology, and physical and material
chemistry. To emphasize the equal partnership of all participants, we internally call it “physical
microbiology”. This chapter aims at summarizing how this original approach has contributed to the
state-of-the-art in understanding the ecological and evolutionary role of microbial
polyhydroxyalkanoates.

6.1 Being stuffed with plastics: polyhydroxyalkanoates in bacteria

Nowadays, when plastic pollution becomes one of the most pressing environmental issues, we may
easily have the plastics up to our necks. But what if this is not just figuratively speaking? How would it
feel to have our bodies stuffed with plastic? Terrible vision, isn’t it? Surprisingly, we know organisms
that experience exactly this feeling and, moreover, it seems that in fact, they enjoy it very much.

Again, we are of course talking about bacteria. More specifically, about some of the
polyhydroxyalkanoates (PHA) accumulating bacteria. These organisms literally stuff their cells with
PHA in form of cellular inclusions called carbonosomes or PHA granules (I have discussed them already
in section 5.2.1). In Fig. 39, one of the most potent producers of PHA, Cupriavidus necator H16 is shown
(for comparison, together with PHA non-accumulating mutant strain C. necator PHB—4) to illustrate
how crowded the intracellular space of PHA producers can be. It has been known for a long time that
the ability to produce and accumulate PHA is widespread in the microbial world. It is possessed by
various Gram-negative and Gram-positive bacteria, autotrophic as well as heterotrophic, aerobes and
anaerobes, and also by some archae strains. Interestingly, PHA synthesis is also surprisingly frequent
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among the extremophilic organisms that colonized some of the most adverse niches of our planet.
Since the accumulation of PHA is so popular within the bacteria genus, it is very likely that they provide
their producers with a significant ecological advantage.

Fig. 39 Cells of (a) PHA accumulating Cupriavidus necator H16 and (b) PHA non-accumulating C.
necator PHB-4 observed by TEM.

Originally, it was assumed that the role of PHA is solely in the storage of energy and carbon for the
situations when their other sources are depleted. Nevertheless, at the time when | entered the topic
of PHA, more and more suggestions began to appear that the ecological role of these polymers is in
fact much more complex. At that time, great attention was paid to the biotechnological production of
PHA at Faculty of Chemistry, BUT, and the involved researchers came up with various reports on how
exposition of bacterial culture to controlled stress dose might be beneficial in terms of providing
enhanced accumulation of PHA in bacterial producers [134-136]. Moreover, several other authors had
reported that some PHA accumulating strains revealed higher stress resistance against various
environmental stress factors than mutants unable of PHAs production or degradation [137-142].
Among them, Kadouri proposed that a detailed understanding of the role of PHA in stress resistance
and adaptation represented a great challenge to the microbial ecology [142]. Altogether, this
motivated the establishment of a new interdisciplinary research group at Faculty of Chemistry, BUT,
that decided to accept this challenge and perform a complex study on how the PHA presence affects
the biochemical and biophysical state of bacterial cells and what are the particular mechanisms of PHA
involvement in stress robustness of bacteria.

| have joined this research group to provide methodological and descriptive approaches of physical
chemistry, that | had been using by that time mainly in soft matter analysis. In the following text, | will
summarize how these attitudes, rather unconventional concerning the study of living organisms, were
found beneficial in providing original information on the effects of PHA on the chemical and physical
structure of the cells (section 6.1.1), their morphology (6.1.2) as well as biophysical (6.1.3) and
physiological state (6.1.3), and how this knowledge was transformed into understanding the
interconnection between PHA and stress resistance and adaptation of microbial cells (sections 6.2 and
6.3).

6.1.1 Qualitative and quantitative determination of PHA in the cells

Naturally, either the fundamental research or the biotechnological production of PHA brings a
constant need for analytical tools for PHA determination in the cell biomass. Routinely, this is provided
by chromatographic analysis (gas or liquid) of the polymer after its isolation and necessary chemical
transformation. These analytical methods are robust and precise, nevertheless, their main drawback
lies in the time-demanding step of the sample treatment before the analysis. Altogether, it usually
takes several hours to obtain the result which might be very limiting, mainly when just a rapid
confirmation of the presence or a semi-quantitative screening of PHA content is needed for control of
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the experiment or the biotechnological process. We have therefore put a lot of effort into finding an
alternative method for rapid screening of PHA content in the bacterial culture.

Among various tested methods, we identified several promising candidates for a fast screening of
PHA content in the biomass. For instance, we have confirmed experimentally that in a thermogram
obtained from TGA analysis of C. necator H16, PHB content can be determined indirectly from the
relative weight loss of the sample in the range from 200 °C to 400 °C, which shows a good correlation
with percent content of PHA in cell dry weight determined by GC (Fig. 40). Nevertheless, vibrational
spectroscopy methods proved to be the most powerful tool regarding not only the quantitative
determination of PHA but also concerning direct mapping of the structure of PHA in the cells. Among
the main advantages of the techniques of vibrational spectroscopy (infrared and Raman spectroscopy)
belong the fast determination of molecular spectra of the sample with no special sample treatment
required (timeline of the analysis is schematically shown in Fig. 41), and also high spectral sensitivity
and specificity (i.e. low spectral interference of other biomass components).

Fig. 40 Thermogravimetry of PHA producing cells (heating rate: 10°C/min, atmosphere: air). (a)
Thermogram showing the temperature range at which PHA degradation is manifested (marked with
arrow). (b) Correlation between relative weight loss in the range from 200 to 400 °C and the weight
content of PHA.

Fig. 41 Timeline showing a reduced time demands on the determination of PHA content in
biomass by means of vibrational spectroscopy (Raman or FTIR) as compared to commonly used GC
analysis (adopted with modifications from our published study*X).
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An example of Fourier-transform infrared (FTIR) spectra of biomass containing PHA obtained by the
method of Attenuated Total Reflection (ATR) is shown in Fig. 42a. It can be seen that a presence of
PHA in the culture can easily been identified from the spectra (mainly by the presence of stretching
C=0 vibration in the polyester group at about 1720 cm™) as we have been using for sorting of PHA
positive/negative cultures (will be discussed in 6.2.3). We have also found that among the various
characteristic vibration bands, good correlations with the PHA content can be found for individual PHA-
producing strains. In Fig. 42b it can be seen that signal of the most intensive FTIR absorption band at
1720 cm™ does not provide a linear correlation with PHA content in the most potent PHA producers
(such as C. necator H16) and other bands (e.g. C—O—C stretching at 1180 cm™) are more suitable for
quantitative PHA determination. On the other hand, the band at 1720 cm™ was found to be much
more useful for quantitative PHA determination in cyanobacteria or other PHA producers where the
accumulated PHA content is much lower (lower than ca 20% of CDW).

Fig. 42  Semi-quantitative analysis of PHA in biomass by ATR-FTIR spectroscopy. (a) ATR spectra of
dry biomass of C. necator H16 with different amounts of accumulated PHA (determined by GC-FID). (b)
Correlation of selected FTIR markers of PHA (absorbances at 1720 and 1180 cm™, respectively,
normalized on amide Il band at 1540 cm™) with PHA content in biomass.
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We have performed a comprehensive study on the usability in the determination of PHA in bacterial
biomass also for Raman spectroscopy**. Unlike FTIR, in the Raman spectra we have found linear
correlation between the signal of the stretching C=0 band (at about 1730 cm™, normalized to signal
of protein or DNA) and PHA in the wide range of accumulated amounts (from 10 to about 90 % of
CDW). Hence, we demonstrated that both techniques provide clear benefits over commonly used
techniques of PHA identification, such as gas chromatography, in the speed and noninvasiveness of
the quantification process.

Fig. 43 ATR-FTIR analysis of PHA monomer composition in biomass. (a) ATR FTIR spectra of
Aneurinibacillus sp. H1 biomass with accumulated P(3HB-co-4HB) copolymers with various monomer
compositions. (b) Correlation of selected FTIR marker of 4HB/3HB content (ratio of absorbances at 1160
and 1130 cm™) with relative content of 4HB in the copolymer (determined for various cultivations
including data provided in Fig. 43a).

XX Samek, O., Obruéa, S., Siler, M., Sedlacek, P., Benedova, P., Kuera, D., Marova, ., Jezek, J., Bernatova, S.,
and Zemanek, P. Quantitative Raman Spectroscopy Analysis of Polyhydroxyalkanoates Produced by Cupriavidus
necator H16. Sensors. 2016, 16, 1808.
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FTIR analysis was found useful also in qualitative analyses concerning the monomer composition of
the produced PHA polymers. Aside from the obvious effects of the monomer composition on the FTIR
spectra of isolated polymers (discussed in detail in the papers dealing with the biotechnological
production of the copolymer PHAX VI see also Fig 35), we have also experienced that the
manipulation with the monomer composition of PHA by the biotechnological process can be
monitored by FTIR also directly in microbial biomass without the need for polymer isolation (Fig. 43).
Last but not least, aside from the quantification and monomer composition analysis, vibration
spectroscopy techniques allow also monitoring of the structural changes that PHA undergoes in the
cells. We have already discussed in 5.2.1 that the crystallization of PHA can be monitored by FTIR as
we demonstrated in our study focused on the stress-induced crystallization of PHA in C. necator cells*".
We have described similar spectral signatures of the changes in the degree of the molecular order of
PHA also in Raman spectra® of stress-exposed cells. As it is illustrated in Fig. 44, the crystallization of
intracellular PHA can be induced also in dry biomass, for instance by pressure applied (see Fig. 44a,b)
or by radiant heat (see Fig. 44c,d). We have confirmed that, in all these cases, both Raman and FTIR
spectroscopy allow easy and “real-time” monitoring of the changes in PHA crystallinity. The results of
these techniques were also proved to be in good agreement with other methods of crystallinity
analysis, such as X-ray diffractometry (see Fig. 44d).

Obviously, we have gathered a wide collection of experimental shreds of evidence that the vibration
spectroscopy techniques represent a powerful and versatile analytical tool that can be beneficially
used in the research studies and technological processes involving PHA-producing bacteria. Of course,
interpretation of the vibrational spectra need not be limited to PHA. We have shown in our PHA-
crystallization study®" that the structural changes overcome by cell proteins can be monitored in the
culture at the same time. Similarly, we have experienced that the techniques can be used for
simultaneous monitoring of other metabolites that accompany the accumulation of PHA, such as
polyphosphates, or glycogen that is often co-accumulated by PHA producing cyanobacteria.

Speaking of PHA accumulation by cyanobacteria, another example can be offered of how an
unconventional spectroscopic approach with little instrumental and cost demands can simplify the way
of monitoring compositional changes in culture during a cultivation process. It is well known that
during nitrogen starvation which induces PHA accumulation, the cells gradually change from a
vegetative to a dormant state [143]. The most obvious feature of this is the change in color of the cell
culture from blue-green to brownish-yellow which is caused by the degradation of photosynthetic
pigments (see Fig. 45a). The most often used way how to monitor the changes in pigment composition
is by extracting the pigments from the biomass by ethanol. This procedure is time-consuming and
destructive for the cell sample. Direct spectrophotometric monitoring of the pigment composition in
the cell culture is disabled by significant light scattering (see Fig. 45b,d). To overcome this, we have
introduced the method of diffuse transmittance spectrophotometry. This method allows the
determination of UV-VIS spectra even in highly turbid samples such as cell cultures. As can be seen in
Fig. 45, this method provides spectral evidence of the alteration in pigment composition with a nice
resolution directly in the liquid cell culture. Recently, we have published an experimental study where
the agreement between the conventional pigment extraction technique and the diffuse transmittance
spectroscopy was demonstrated®™'. Additional ways of how the technique can contribute to the
analysis of bacterial cultures will be discussed in 6.1.3. Clearly, the technique provides another

XX Obruca, S., Sedlacek, P., Mravec, F., Krzyzanek, V., Nebesarova, J., Samek, O., Kucera, D., Benesova, P.,
Hrubanova, K., Milerova, M., and Marova, |. The presence of PHB granules in cytoplasm protects non-halophilic
bacterial cells against the harmful impact of hypertonic environments. New Biotechnology. 2017, 39, 68-80.
Attached as Appendix 14.

XX Meixner, K., Daffert, C., Dalnodar, D., Mrazova, K., Hrubanova, K., Krzyzanek, V., Nebesafova, J., Samek, O.,
Sedrlova, Z., Slaninova, E., Sedlacek, P., Obruda, S., and Fritz, I. Glycogen, poly(3-hydroxybutyrate) and pigment
accumulation in three Synechocystis strains when exposed to a stepwise increasing salt stress. Journal of Applied
Phycology. 2022.
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Fig. 44  Monitoring of PHA crystallization in biomass by various methods of structural analysis. PHA crystallization was induced by exposing the dry
biomass of C. necator H16 to mechanic pressure (a, b) and radiant heat (c, d). Spectral markers of crystallization as observed in FTIR 2D and 1D spectra,
respectively (a, b), Raman spectra (c) and X-ray diffraction spectrum (d).
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illustration of a successful transfer of methodology and knowledge in the fields of physical chemistry
and biology.

Fig. 45 Monitoring the changes in pigment compositions in the cultures of PHA-accumulating
cyanobacteria Synechocystis CCALA192. (a) Nitrogen limitation that induces PHB accumulation in the
cells is accompanied by the color change from blue-green to brownish-yellow. Schematic
representation of conventional spectrophotometric analysis (b) that provides spectra significantly
affected by light scattering (d). Schematic representation of Diffuse transmittance spectrophotometry
where the scattered light is collected with an integrating sphere and the spectra information on the
pigment composition changes with a good resolution (e). In the spectra, the degradation of
phycocyanin is depicted by the disappearance of characteristic absorption at 630 nm (marked with an
arrow).

6.1.2 Morphology and ultrastructure of PHA containing cells

On the other hand, there are also methods, that have already been shared effectively between life
and material sciences for a long time. For example, methods that visualize morphology, topography
and ultrastructure of a sample represent an essential part of the experimental equipment no matter
whether the subject of the study subject is an artificial material or a living cell.

In our studies dealing with the ecological and evolutionary role of microbial PHA, we have involved
these techniques as well. Transmission electron microscopy — providing cell images such as those
shown in Fig. 39 - has continuously been involved to illustrate the physiological state of the studied
cultures under specific conditions by showing how the cells in the culture are sized, shaped, what are
their ultrastructures, and whether any signs of the cell damage (e.g. loss of cell membrane integrity)
are visible. Similarly, we tested and employed diverse microscopy techniques focused on monitoring

77



the surface of the cells and complementing hence ultrastructural information from TEM with that
concerning the cell topography (the techniques are summarized in Fig. 46). Also in our work, the major
goal of using these techniques was in providing qualitative findings regarding the cell culture under
investigation. Nevertheless, beyond the frontiers of these common uses, we have also suggested and
successfully utilized several approaches how to extract important quantitative data from microscopy
images.

We already emphasized in the previous section that, considering PHA is the cellular component of
our primary concern, the amount of PHA in the cells has always represented an experimental
parameter essential for a reasonable interpretation of the culture behavior under the particular
environmental conditions. In addition to expressing PHA content in the cells only in terms of the
relative share of cell dry weight, as usual, we considered also how the amount is distributed in the cell
ultrastructure and how it participates in the total cell volume. This is essential for understanding the
general consequences of the presence of PHA granules in the cells, as far as any changes in cell
morphology affecting the ratio of cell surface and cell effective volume influence the metabolic activity
of the cells — it affects fluxes of metabolites, exchange of nutrients etc. [144].

Fig. 46  Topography of PHA accumulating cells visualized by various methods of advanced
microscopy: cryoSEM (a, b), Environmental SEM (c, d), AFM (e. f).
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Fig. 47a shows typical TEM image of the culture with randomly oriented cells of C. necator H16 with
a high content of accumulated PHA (in particular, 78 % of cell dry weight as determined by GC).
Obviously, the shape and structure of the visualized cells are affected by their orientation with respect
to the direction of slicing (see Fig. 47b). On the one hand, this can sometimes complicate qualitative
interpretation of the displayed structural features, because only the cells cut in the middle provide an
accurate projection of the internal structure. Nevertheless, it is known from stereology that in systems
with random morphology, the volume fraction and the area fraction in a random section through the
system are approximately equal [145]. Therefore, we have been continuously using TEM images such
as the one shown in Fig. 47a to determine the volume fraction of PHA granules in the imaged cells.

Fig. 47 TEM visualization of the ultrastructure of PHA accumulating cells. (a) Example of TEM
micrograph used for the quantitative image analyses. (b) The effect of the preparation of thin-slices for
TEM on observed morphologies and diameters of PHA accumulating cells and granules. The
corresponding cell section is marked in Fig. 47a. The figure was adopted from our publication™".
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The method of TEM image analysis that we developed for this purpose was described in our paper
which focuses primarily on morphological analysis of PHA accumulating bacteria by confocal
fluorescence microscopy (will be shortly discussed later)™". In this study, TEM analysis was used as a
reference method to confirm the results determined by the fluorescence technique. The TEM image
analysis procedure is illustrated in Fig. 48. We used a set of different TEM micrographs (10 in total),
including also various magnification levels, to obtain a statistically reliable result. The crucial step of
the analysis is the selection of appropriate threshold levels to provide independent visualization of
PHA granules and remaining intracellular space, respectively. To find the thresholds, we performed the
fractal analysis of the images using the software HarFA, developed at the Faculty of chemistry, BUT. To
visualize the cell cytosol, threshold level 1 (see Fig. 48a) was selected as the value, for which the fractal
characteristics showed minimal change in the course of the range analysis. On the other hand, for the
depiction of the PHA granules, the threshold level 2 (Fig. 48b) showed a local minimum on the function,
corresponding to the interface between black and white fractal structures. Area fraction of the cell
cytosol and PHA granules, respectively, were calculated from the relative fraction of black/white pixels
at the corresponding threshold level.

Fig. 48 Use of image analysis (software tool HarFA developed at Brno University of Technology)
in the determination of the volume fraction of PHA granules in the cells of C. necator H16 from TEM
micrographs (illustrated on the TEM image shown in Fig. 47a). The rule of stereology is used that states
for random morphology systems with the volume fraction and the area fraction in a random section
through the system are approximately equal. Fractal analysis was applied to find appropriate threshold
levels which provided a separate depiction of the cell cytosol (a, c) and of the PHB granules (b, d),
respectively. Respective area fractions of PHA granules in the cells were determined by simple B/W pixel
counting in the resulting images (c, d).

XX Mravec, F., Obruca, S., Krzyzanek, V., Sedlacek, P., Hrubanova, K., Samek, O., Kucera, D., Benesova, P., and
Nebesarova, J. Accumulation of PHA granules in Cupriavidus necator as seen by confocal fluorescence
microscopy. FEMS Microbiology Letters. 2016, 363, fnw094.
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Results of the analysis presented in paper™" showed that the content of PHA corresponding to 78%
of the cell dry weight is equivalent to 35 + 3% of the cell volume occupied by the PHA granules.
Evidently, this value provides a much more reliable projection of the extent to which the available
space in the cell is limited by the presence of PHA granules. The results were also in good agreement
with the fluorescence microscopy technique, where the volume fractions of the granules were
determined on the single-cell level.

Since the pilot use of the TEM image analysis®™!, we have utilized similar analytical approaches in
various studies where changes in cell ultrastructure related to PHA were monitored. For example, in
the study dealing with stress-induced crystallization of PHA in C. necator H16 cultures®™, we monitored
coagulation of the granules by employing automatic identification and analysis of granules in TEM
images with ImageJ software. Fig. 49 shows an example of the data obtained. It can be seen that the
granule coagulation can be quantitatively expressed in the increased average value and the shifted
distribution of sizes of the detected granules. Similarly, the circularity of the detected aggregates is
significantly lowered compared to the intact granules. To sum up, both above-mentioned examples
show that supplementing the conventional TEM imaging of the cell cultures with an appropriate image
analysis approach can significantly enhance the contribution of the technique beyond the pure
qualitative visualization and structural observation of the investigated biological objects. In the specific
case of PHA accumulating bacteria, this combination also provides valuable information on how the
intracellular space is affected by presence of PHA granules and how are the PHA-related ultrastructural
features of the cells affected by the environmental conditions.

Considering the 2D projection artifacts mentioned above, to extract reliable quantitative
morphological information from TEM analysis, it is necessary to image a statistically significant number
of cells at once. This can sometimes be a difficult task, mainly under conditions where the cell growth
is restricted and the cell density in the sample is low. Furthermore, it is difficult to address the
variability in the morphological and ultrastructural features among the individual cells with this
technique. Therefore, we have paid attention also to finding an analytical technique that would enable
basic morphological characterization of the PHA producing cells also at a single-cell level.

The design of the method was described in the already mentioned morphological®™" study on C.
necator H16 strain, its principle is schematically described in Fig. 50. The main aim was to find a method
allowing monitoring changes in the size of the cells and PHA granules content and structure
simultaneously. For this purpose, cell cultures were stained with DiD fluorescent probe (selective
affinity for amphiphilic cell envelope) and Nile Red (staining of intracellular PHA granules). Signals from
both probes were recorded simultaneously and separated based on their spectral and fluorescence
lifetime properties. In combination with a confocal microscopy setup, this provided resolution of the
analysis on the level of individual cells. Growths of the PHA-accumulating C. necator H16 strain and the
PHA non-accumulating mutant C. necator PHB-4 were monitored in parallel. This study resulted in a
very interesting finding that, during the growth and PHA biosynthesis, the volume fraction of PHA in a
cell does not exceed 40% regardless of still increasing the weight content of PHA in CDM. During the
gradual accumulation of PHA, cells appear to increase their lengths and regulate their diameters to
assure that this maximal level of the volumetric fraction of PHA will not be exceeded. It indicates that
the “overcrowding” of the intracellular space, with its multifaceted effect on cell metabolism,
morphology, and also biophysical state (which will be discussed in the following section) of the cells,
in the case of this PHA production champion reaches a kind of a physiological limit.
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Fig. 49 Detection and analysis of PHA granules in TEM micrographs (scale bar = 5 tm) of C.
necator H16 strain incubated at 25°C (a — d) and 80°C (e — h), respectively, using Particle analysis tool
in ImagelJ software. Original TEM image (a, e), corresponding binary image (b, f) and the final image
of the detected granules (c,g) are shown. For every detected granule, a collection of basic size and
shape parameters (e.g. area, perimeter, circularity or solidity) is obtained from the Particle analysis
tool. The distribution of cross-section area among the detected granules are shown (d, h). Average
values of selected parameters provided by the image analysis are inserted. Data from the published
study*.
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Fig. 50 Use of confocal fluorescence microscopy in the morphological characterization of PHA-
containing cells at a single-cell level. The technique is based on dual staining of the cells with fluorescent
dyes providing specific affinity for cell membranes (DiD) and PHA granules (NR), respectively. (a)
Chemical formulas of individual fluorescent probes, (b) principle of separation of fluorescence signals
from both probes (c) and the basic principle of data analysis. Adopted from the published study™".
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6.1.3 Biophysical consequences of PHA in cells

A comprehensive understanding of the physiological state of a cell always involves putting together
numerous pieces of a puzzle, that are brought from different angles of analytical perspective. Aside
from metabolic, morphological or chemical analyses, the determination of various physicochemical
parameters of the cellular space (such as pH, redox potential, viscosity and many others) has long been
recognized as especially contributive. Therefore, a number of biophysical techniques providing these
parameters have already become a standard part of an analytical toolbox for biologists. Definitely,
fluorescence spectroscopy represents a great example. With a plethora of fluorescent probes with
specific affinity to individual cell components or sensitivity to particular physicochemical conditions,
and in combination with advanced microscopy or microfluidics instrumentation, fluorescence methods
become an outstandingly powerful approach covering a wide range of applications, from a routine cell
viability testing to study of dynamic cellular processes and events. Not surprisingly, we have involved
a battery of techniques of fluorescence spectroscopy also in our research on PHA-producing bacteria.
In particular, intracellular pH, microviscosity, and the presence of reactive oxygen species were
analyzed during the stress-exposure experiments by means of fluorescence techniques. Nevertheless,
because this methodology was covered by another part of our team, | will deal with this method rather
marginally in this text (e.g. in the next section, where | will briefly introduce how | contributed to the
optimization of viability testing of PHA producers based on the combination of fluorescent staining and
image analysis). Instead, | am going to focus more on the methods whose previous application in
(micro)biology was rather scarce.

First of all, let’s get straight to another of the basic spectroscopic methods. In section 6.1.1, | have
discussed how the light scattering caused by cells limits spectral information on the cell culture that is
accessible by the conventional spectrophotometric analysis, and how this can be overcome by the use
of integrating sphere in the diffuse transmittance measurement. Furthermore, we have demonstrated
how powerful the combination of these two spectroscopy approaches — light scattering measurement
and diffuse transmittance spectrophotometry — can be in understanding how the accumulation of PHA
granules affects the radiation exposition behavior of bacterial cells. In the study where we focused on
the evaluation of the protection role of PHA granules against the harm brought by UV radiation to
bacterial cells®™", we investigated PHA accumulating (C. necator H16) and non-accumulating (C.
necator PHB™) cultures by the combination of standard spectrophotometric (direct transmittance),
nephelometric (measurement of scattered light intensity at 90°) and diffuse transmittance analyzes.
The illustrative results of this analysis are shown in Fig. 51.

Evidently, PHA accumulating cells shown much more intensive light scattering in Vis region (see Fig.
51a,b). Taking into account the similar size and shape of both strains, it is obvious that the extra
scattering (the most clearly represented by the increased slope of the dependence shown in Fig. 51b)
is provided by the cell ultrastructure — i.e. by the PHA granules. Not surprisingly, no significant light
absorption was found neither for PHA positive nor negative culture in the VIS region confirming that
no pigments or other cell components photoactive in this spectral region are present (Fig. 51c). On the
other hand, specific absorption in UV region (absorption band at about 254 nm can be attributed to
light absorption by nucleic acids, DNA in particular) was found to be significantly reduced (by around
one-third) in the PHA accumulating culture. In the paper, we attributed this reduced absorption of
harmful UV radiation to the protective shielding effect of PHA granules resulting from their great light-
scattering ability (note that PHA granules are not randomly distributed in bacterial cells, but they are
attached to DNA via specific proteins). These assumptions were also supported by the results of
nephelometric analysis where the relative efficiency of light scattering by the PHA producer as
compared to the mutant strain increases significantly in the UV-region (Fig. 51e). We have also
experimentally proved the biological consequences brought by this protective effect on the survival of

XXl Slaninova, E., Sedlacek, P., Mravec, F., Mullerova, L., Samek, O., Koller, M., Hesko, O., Kucera, D., Marova,
I., and Obruca, S. Light scattering on PHA granules protects bacterial cells against the harmful effects of UV
radiation. Applied Microbiology and Biotechnology. 2018, 102, 1923—-1931. Attached as Appendix 15.
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the cells exposed to UV radiation in the study (will be summarized in 6.2.1). In this study, we have
demonstrated that utilization of unusual, yet simple and widely available, spectroscopic approaches
may be surprisingly beneficial in understanding even such complex biological phenomena as the
resistance of bacterial cells against UV irradiation.

Fig. 51 Spectral characteristics of PHA accumulating (C. necator H16) and non-accumulating (C.
necator PHB-4) cultures. (a,c) Spectra of C. necator H16 (solid) and C. necator PHB—4 (dashed) with the
same cell density (1x10° CFU) obtained by direct transmittance measurement (a), and by diffuse
transmittance measurement (c), respectively. (b) Optical density at 630 nm, determined by direct
transmittance measurement as a marker of total light scattering, as a function of cell density of C.
necator H16 (x) and PHB™ (+), respectively. (d) Absorbance at 254 nm, determined by diffuse
transmittance measurement as a marker of specific UV absorption by DNA, as a function of cell density
of C. necator H16 (x) and PHB™ (+), respectively. (e) Ratio of the normalized intensities of scattered
light for C. necator H16 and PHB™ at 90° as determined by nephelometry. Data were taken from
publication™"
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Now, | will move from spectroscopy to a completely different field of physicochemical
instrumentation and analytics —thermal analysis. In general, the utilization of thermoanalytical (mainly
calorimetry) in biophysical sciences is nothing new. It has long been used in analyzing various aspects
of thermodynamics of biomolecules — binding equilibrium is commonly studied by isothermal
calorimetry, denaturing and other phase transitions of biopolymers by scanning microcalorimetry etc.
Nevertheless, we have experienced in our work that, although their contributions to the analysis of
living systems have been rather underappreciated so far, thermoanalytical methods represent a
surprisingly powerful tool also in the biophysical characterization of cellular systems. Aside from the
experiments, | am going to summarize here, | will later provide additional evidence of this also when |
discuss a microcalorimetry technique that we used in monitoring bacteria growth (sections 6.1.4 and
6.2.2).

We have utilized various methods of thermal analysis primarily to reveal how a behavior of cellular
water is influenced by the presence of PHA. Differential scanning calorimetry was applied to analyze
the freezing/thawing behavior of water in bacterial cultures with the presence and absence of
accumulated PHA, respectively. In Fig. 52, DSC thermograms, taken from our publication®™V are shown
that illustrate how the presence of PHA in the culture shifts the onset of ice melting into higher
temperatures. This was a reproducible calorimetric feature confirmed for different cultures as well as
by different calorimetric approaches (compare e.g. results of TMDSC dynamic analysis and quasi-
isothermal TMDSC analysis shown in Fig.52a and 52b, respectively). The particular magnitude of the
melting point shift depended on the experimental conditions, mainly on the heating rate. From this
perspective, the quasi-isothermal TMDSC technique (for more details on the method, see e.g. [146]),
where the underlying heating rate is zero, was found to be an especially powerful experimental
approach.

In the calorimetric analyses of the cell cultures, we utilized the benefits of the temperature-
modulated DSC technique. In general, the main advantage of temperature modulated over standard
DSC analysis is that it allows separation of the heat-flow signals related to simultaneously running
reversible and non-reversible processes, respectively. The deconvolution of the total heat-flow signal
(such as the one shown in Fig. 52a) into the corresponding reversible and non-reversible components
(Fig. 52c, d) can for instance provide experimental evidence that, because of supercooling of water in
the samples, freezing of water is an almost completely non-reversible process regardless of the cell
culture type. On the other hand, one reproducible difference in the water-melting process between
the PHB-containing and non-containing cultures was revealed: the non-reversible component of the
melting signal in the absence of PHB was always significantly more pronounced. As in the case of
melting point elevation, also this interesting water-melting feature can be added to numerous
experimental indications suggesting that the activity of intracellular water is significantly affected by
the presence of PHA granules. We proposed in the paper®™V , which discussed the results of this
calorimetric study with respect to the newly revealed cryoprotective effect of PHA, that a possible
explanation of both findings can be found in an alteration of the adhesive forces between water and
cellular components in the presence and absence of PHA. We hypothesized that the “dilution” of the
strongly hydrophilic species in the intracellular space by the less hydrophilic surfaces of PHB granules
could partially lower the strength of the hydration of the remaining solutes, shifting the melting onset
to higher temperatures. Similarly, a stronger non-reversible component of the melting signal in the
absence of PHB supports the assumption that the released water is more strongly attracted to the
cellular components in these cultures than in PHB-containing bacteria.

XXV Obruca, S., Sedlacek, P., Krzyzanek, V., Mravec, F., Hrubanova, K., Samek, O., Kucera, D., Benesova, P., and
Marova, |. Accumulation of Poly(3-hydroxybutyrate) Helps Bacterial Cells to Survive Freezing. PLOS ONE. 2016,
11, e0157778. Attached as Appendix 16.
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Fig. 52  Freezing and thawing behavior of water in C. necator cultures studied by Differential
scanning calorimetry. (a, ¢, d) Thermograms of temperature-modulated DSC analysis (underlying
heat/cool rate 5°C/min, temperature modulation of + 1°C every 60 s) of C. necator H16 cultures with
(solid) and without (dashed) accumulated PHB: overall heat flow signal (a) and the respective reversible
(b) and non-reversible (c) component of the signal. (b) Quasi-isothermal temperature-modulated DSC
thermogram of the same cultures. In this analysis, samples were cooled down from 5°C to -30°C and
heated back up in 1°C increment with an isotherm of 10 min at each increment. Temperature
modulation of +1°C every 60 s was applied.

In the same study, we have also introduced thermogravimetry as an additional tool how to evaluate
differences in the activity of intracellular water between the PHA accumulating and non-accumulating
cultures. We have found that the total amount of water in the sample did not differ for the respective
cultures, however, the drying rate profiles varied significantly. In good agreement with the DSC results,
also the results of thermogravimetry show the PHA accumulating cultures apparently contain higher
amounts of water that can be more freely released from the cell. This original experimental finding has
later been found essential when explaining the increased robustness of the PHB accumulating cells
against stress conditions, that give rise to cell desiccation, such as exposure to high salinity or subzero
temperatures (will be discussed in 6.2).

The above-mentioned study**V was also the first time when we utilized thermogravimetry as a method

of determination of the intracellular water content. We have optimized the technique originally
proposed by Uribelarrea [147] in which the intracellular and extracellular water are distinguished by
the specific change in the drying rate during an isothermal drying procedure. The technique is
schematically introduced in Fig. 53 (the change in the drying rate is depicted with arrow). Over time,
we have successfully applied the method in several studies where the changes in either intracellular
water content or in cell membrane integrity, affecting the drying profile of the cells, took place (more
detail in 6.2). An example of the results obtained by the technique is shown in Fig. 54, where can be
seen the expectedly higher specific content of intracellular water for PHA non-accumulating culture
(compare the critical points marked with arrows that correspond to solid curves in Figs. 54b and 54d,
respectively) as well as obvious cell desiccation caused by a hyperosmotic environment (compare the
solid and dashed curves and their critical points for the respective cultures in Figs. 54b and 54d).
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Fig. 53 Schematic representation of the determination of intracellular water content by
isothermal thermogravimetry. Effective intracellular water content is determined from the critical point
in the drying profile where the steep change in the drying rate appears (marked with an arrow).

Fig. 54  Results of isothermal thermogravimetry determination of intracellular water content. Raw
thermograms (a, c) and drying rate profiles (b, d) of PHA containing cultures of C. necator H16 (a, b)
and non-accumulating mutant C. necator PHB™in control isotonic buffer (solid line) and in 200 g/L NaCl
(dashed line).
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Furthermore, aside from the spectroscopic and thermoanalytical methods, our long-term research
on PHA producing bacteria also convinced us that the biophysical characterization of bacterial cells
represents an interesting field of application also for various methods designed and developed for use
in the analysis of soft matter and colloidal systems. For example, we used oscillatory rheometry to
monitor how the presence of PHA granules in the cells affects the behavior of the culture under
mechanical stress. We have found that accumulation of PHB in the culture increases elastic modulus
up to about 10 fold. Furthermore, we have experienced that, using the temperature sweep analysis,
oscillatory rheometry can complement the above-mentioned DSC experiments by monitoring the cell
culture during its freezing and thawing regarding specific changes in its viscoelasticity. Furthermore,
we have successfully involved also several methods of colloidal analysis in the biophysical analyses of
bacterial cultures. For example, by the sedimentation analysis of C. necator H16 cultures containing
different amounts of accumulated PHA, we have demonstrated how the presence of PHA influences
the density of the cells*™V. The dispersion analyzer LumiSizer, used in the study, measures the intensity
of transmitted light as a function of time and position over the entire sample length simultaneously
for up to 12 samples. This analysis revealed that the higher amount of PHA cells accumulate, the higher
tendency to sedimentation they exhibited. This is of considerable importance not only from the
technological point of view (higher PHA accumulation speeds up the centrifugation as a crucial step of
polymer isolation during its biotechnological production), but also from the ecological perspective
(concerning the importance of cell sedimentation e.g. in the formation of biofilms).

Another method, routinely used in the analysis of colloids and dispersions, is represented by
dynamic light scattering. The main purpose of its use lies in the determination of particle size
distribution in a system via monitoring fluctuations of the intensity of the light scattered by dispersed
particles. In combination with electrophoretic light scattering analysis, it provides also the average Zeta
potential — effective surface potential - of the dispersed particles. We have involved this technique in
the analytical toolbox for bacterial cell analysis for two main reasons. The first one is the determination
of the effective isoelectric point (pH at which cell surface bears zero effective charges). This is a robust
physicochemical parameter that has long been used also in the microbiology for the description of the
electrochemical properties of the cell surface and the resulting electrophoretic behavior of the cells
[148]. In Fig. 55d, it can be seen that for C. necator H16 (and also for PHB™ mutant strain), the IEP is
around 4.2 (regardless of the PHA content in the cells). Maximum of the effective cell size at IEP (also
shown in Fig. 55d) illustrates another expected phenomenon - aggregation of the cells that is enhanced
as their surface potential diminishes.

The other purpose of the use of light scattering techniques in the characterization of bacterial
cultures consisted in providing advanced characterization options wherever the most basic scattering
parameter — the optical density - is commonly measured as an indicator of cell number in the culture.
Hereby, the conventional growth curves (expressed as the time dependence of optical density) can be
supplemented with information on the time progress in average cell size or surface potential. Similarly,
we have proposed an interesting combination of light scattering techniques and a standard BATH
(Bacterial Adherence to Hydrocarbons) assay. This technique represents a simple and popular way how
to assess cell-surface hydrophobicity [149, 150]. It consists of vortexing a turbid, aqueous suspension
of cells in a presence of a test immiscible non-polar (hydrocarbon) liquid. After the mixing, the two
phases are let to separate. During the experiment, the adherent cells (i.e. the ones with an affinity to
hydrophobic surfaces) become bound to hydrocarbon droplets and are transferred to the upper
“creamy” phase. The percentage of adherent cells is estimated by the decrease in optical density of
the lower aqueous phase after the phase separation, as compared to the value of the original bacterial
suspension.

XXV Obruca, S., Doskocil, L., Krzyzanek, V., Hrubanova, K., Sedlacek, P., Mravec, F., Samek, O., Kucera, D.,
Benesova, P., and Marova, |. Polyhydroxyalkanoates in Bacterial Cells - More Than just Storage Materials.
Materials Science Forum. 2016, 851, 20-25.
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Fig. 55 Examples of involvement of methods of colloidal analysis in the characterization of
bacterial cell cultures. (a, b) Sedimentation analysis. (a) Analytical centrifuge LumiSizer was used to
monitor sedimentation stability of bacterial cultures of C. necator H16 with various amounts of
accumulated PHA (25°C, 1500 RPM). (b) Results of the sedimentation analysis expressed as an index of
instability. The culture of the mutant strain (C. necator PHB™) is shown red. (c,d) Electrophoretic light
scattering technique complemented with acid basic titration used to determine effective isoelectric
point of the cell culture of C. necator H16. (c) ZetaSizer Nano ZS with titrator was used for the analysis.
(d) Results of the analysis show average cell size and effective surface potential as a function of pH.

This technique provides information of wide relevance in ecology (biofilm formation properties of
a bacterial strain depends on its adherence to diverse surfaces), medical sciences (correlation have
been made between BATH and adherence of bacteria to epithelial cell, teeth etc.), and biotechnology
(a modified BATH procedure allows separation of bacterial cells according to their hydrophobicity, and
can be used for instance in isolating the most hydrophobic strains from the mixed cultures). When the
advanced light scattering characterization of the aqueous cell suspension before and after the BATH
assay is added, more detail on the preferably adhered cells can be obtained. As it is shown in Fig. 56c,
average cell size decreased following the BATH assay, while their negative surface potential increased
at the same time. This indicates that the larger cells in the culture (in the case of C. necator H16 usually
those with a higher PHA content) are also the more hydrophobic ones with lower negative surface
potential. Nevertheless, the hydrophobicity of the cells seemed to be connected to their physiological
state (e.g. nutrient limitation) rather than directly to the content of PHA, because similar results were
obtained also for PHA non-producing mutant C. necator PHB™ cultivated under the same conditions.

As | tried to demonstrate in this section, in the field of microbiology analysis, there is plenty of room
for the use of instrumentation and experimental approaches brought by physical chemistry. Only a few
examples have been offered, nevertheless, even this small extension of the methodology implemented
in our research has resulted in a significant broadening of the knowledge gained from it, regarding
both the general effects of PHA presence in the cells and the specific consequences of these effects
when the stress robustness of bacteria is concerned.
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Fig. 56  Original combination of BATH assessment of hydrophobicity of bacterial cells with DLS and
ELS characterization of the aqueous cell culture after partial extraction of cells to a non-polar liquid. (a)
Illustration of the BATH experiment: an immiscible mixture of cell culture and non-polar liquid aliquots
before (A) vortexing, immediately after that (B), and after phase separation (C). (b) Results of the BATH
experiment expressed the relative decrease in optical density of the aqueous cell culture caused by the
adherence of cells to the non-polar liquid. (c) Results of ELS (top) and DLS (bottom) characterization of
the cell culture of C. necator H16 before (white) and after (grey) the BATH experiment.

6.1.4 Physico-chemical approaches to evaluate cell viability and metabolic activity

As far as our main interest in the study of PHA producing bacteria was aimed at their behavior under
adverse conditions, there was also one additional analytical focus especially crucial for us. We needed
a methodology for a quantitative determination of cell survival and for a qualitative understanding of
what are the particular mechanisms of cell damage induced by exposure to specific stressors. In other
words, we needed a suitable viability test(s). As simple as it may seem, in fact, it is a quite demanding
methodological requirement, because the viability of a cell is not a clearly measurable property. The
universally accepted operational definition of cell viability is its ability to form a colony on an
appropriate agar medium [151]. Therefore, the traditional viability tests are based on cultivations
experiments which are time-demanding and provide little information about the specific physiological
state in which the original inoculated cells were.

Again, it has been recognized a long time ago that spectroscopic techniques may be exceptionally
helpful for this purpose. A vast number of different spectroscopic viability assays have been proposed
[152]. In general, such a test involves staining of the cell culture with a dye, that provides a specific
binding affinity to a cell component or undergoes a specific molecular transformation, that causes a
change in spectral properties of the culture with respect to the physiological state of the cells. Various
physiological conditions may be assayed, such as redox potential, ATP content, the activity of a specific
enzyme, but also membrane integrity, DNA denaturation, and many others. Changes in the overall
spectral properties of the culture may be measured via standard spectroscopy, but there are also some
instrumental improvements that allow zooming the viability tests and the spectral information
collection to the single-cell level. Confocal fluorescence microscopy (discussed in the previous section)
represents a good example of such instrumentation. Using this method, spectral information can be
obtained independently for the individual cells, and, furthermore, other methodical improvements are
available, such as imaging the cellular space not only according to spectral variation but also regarding
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the different fluorescence lifetimes. The main limitation of this method lies (aside from its limited
availability and high purchase price) in the high time demands and low analytical capacity.

However, the state of the art in spectroscopy-based viability testing is represented by flow
cytometry. In this technique (the principle is schematically illustrated in Fig. 57a), cells from the
analyzed suspension are entrained into the narrow laminar stream of a liquid, where they are hit by a
laser beam. The intensity of the light scattered and emitted, respectively, by individual cells is
monitored. In this way, multiple physical characteristics of a statistically significant number of cells at
a single-cell level can be determined in a short time. This method proved to be extremely useful also
in our research dealing with PHA producing bacteria, where the use of appropriate fluorescent labels
provided, for instance, sorting the cells according to their viability and PHA presence/absence at the
same time (see Fig. 57b-e). On the other hand, the method lacks the direct possibility of a deeper
investigation of selected cells, provided by microscopy techniques. Therefore, we searched for a
method providing a reasonable compromise between the pros and cons of both above mentioned
sophisticated and instrumentally demanding approaches. A method allowing rapid statistical analysis
of a significant number of cells together with the possibility of a detailed examination of the individual
cells selected at will. And, if possible, a method accessible enough so it could be suggested for routine
use in the bacterial cell analysis. Inspired by our previous experience with the analysis of electron
microscopy images (section 6.1.2), we have been looking for a solution in ordinary epifluorescence
microscopy complemented with advanced tools of image analysis.

Pilot testing of this methodology was performed with C. necator strains (both PHA producing C.
necator H16 and the non-accumulating C. necator PHB™ were used), whereby the tested cell cultures
were prepared as defined mixtures of intact as-cultivated cells, and the cells previously exposed to a
defined lethal condition (ethanol addition, acidic pH etc.). Various common live/dead fluorescence
probes were tested, such as Acridine Orange (that shows different fluorescence when bound to native
and denatured DNA, respectively), or a combination of Propidium lodide (membrane integrity probe)
and SYTO9 (universal cell-staining dye). A few examples of the results obtained in this study are shown
in Fig. 58. Obviously, a significant advantage of the microscopy technique is the direct visual control of
the physiological state of a statistically relevant number of cells. Nevertheless, this qualitative
information can easily be complemented with quantitative description when the image analysis is
included. Some of the simple image analysis approaches have been used quite commonly, such as
integration of total fluorescence signal and/or determination of a total number of cells at individual
channels (e.g. red and green). Beyond this, we have experienced what additional information can be
provided by deeper processing of the images. For example, Fig. 58f-h shows color profiles detected for
the selected cells. This way, further morphological nuances, such as changes of the fluorescence
intensity with the presence of the granules in the cells, can be evaluated. Furthermore, this single-cell
analysis may provide also interesting hints regarding the physiology of the labeled cells, e.g. in the case
of Acridine Orange staining, the localization of green and red fluorescence indicates the distribution of
native and denatured, respectively, DNA in the cells.

Furthermore, statistical processing of the fluorescence images may be extended beyond the basic
cell counting. For instance, Fig. 59 shows results of size distribution determination for the particles
(cells, but also fluorescent cell fragments or aggregates) automatically detected in the red and green
channels of micrograph Fig. 59a for C. necator H16, and for a corresponding fluorescence image
recorded for C. necator PHB™ (not shown). Evidently, the particle size distributions for the PHA
accumulating and non-accumulating strains differ significantly, in particular, C. necator H16 culture
shows higher relative content of cells of a greater size. Even more, interestingly, we have found that
the ratio of total particle areas detected on the green and red channels, respectively, is significantly
higher for sp. PHB™ indicates that the denaturing effect of the acidic pH on DNA may be strain-specific.
Last but not least, data shown in Fig. 59 also revealed an interesting feature, represented by the fact
that the green fluorescence is preferentially contributed by smaller particles. This indicates that the
larger cells are in a physiological state that makes them more prone to a damaging impact of acidic pH.
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Fig. 57 Flow cytometry (FC) as an instrumentalized way of using spectroscopy for simultaneous viability and (ultra)structural analysis of bacteria at the
single-cell level. (a) Schematic diagram of the method. (b) Distinguishing the sub-populations of C.necator H16 with and without accumulated PHA in the FC
scattergram. (c-e) Viability analysis of the C.necator H16 cells stained with propidium iodide. Distribution of the single population of C. necator cells in the
scattergram (c) into two sub-populations (live-dead) based on their different fluorescence intensity (d, e).
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Fig. 58 Utilization of image analysis in evaluation of cell viability with epi-fluorescence
microscopy. (a-d) Original and processed images (40x magnified) of a mixed sample of fresh C. necator
H16 culture with the culture pre-exposed to pH = 1. The mixed sample was stained with Acridine
orange. Viable (green) and dead (orange) cells can be distinguished by decomposing the original image
(a) into red (b) and green color components and, more precisely, from the subtraction of the two-
component images (d). (e-h) The same mixed sample was stained with the combination of propidium
iodide and SYTO9. Original image with magnification 100x and with indicated intersection lines (e) and
the corresponding color profiles of the analyzed intersections (f — h) illustrating the color difference
between alive (profile 1) and dead cells (profile 3), respectively.
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Fig. 59 Use of Imagel Particle analyzer tool to evaluate size distribution of particles detected at
the green and red channel, respectively, of the fluorescence images recorded during the study
introduced in Fig. 58. (a) Results for the mixed culture of fresh and acid-exposed cells of C. necator H16
(results of analysis of images shown in Fig. 58b and 58c). (b) Results for the mixed culture of fresh and
acid-exposed cells of C. necator PHB™ (analyzed images not shown).

The last method | am going to introduce here as another example of where the fields of physical
chemistry and biology overlap is the monitoring the cell growth by microcalorimetry. This technique
measures the energy in form of heat produced by metabolic reactions. As far as different organisms
produce different levels of energy during their growth, they generate a unique heat signature that can
be recorded by microcalorimetry. The main advantage of the technique lies in its sensitivity which is
several orders of magnitude higher than the classical optical assay. Furthermore, the changes in
metabolic activity of the cells can be monitored also under growth conditions where the number and
size of the cells (and hence the corresponding optical signal) do not significantly change (e.g. in the
stationary phase). On the other hand, the main weakness of the technique may be found in the specific
instrumental limitations — during the measurement, cell culture is usually stored in the calorimeter in
dark without stirring or any other kind of aeration.

Fig. 60 Monitoring the growth of C. necator H16 culture at 25°C by classical photometric assay (x)
and via microcalorimetry (blue and red curves). Results from the microcalorimetric assay are provided
as instantaneous heat flow between the sample cell and the heat sink (blue) and as integral heat
released from the sample (red). Calorimetry and optical density measurements correspond to two
independent cultivations.

95



Fig. 60 shows the growth curves that we have determined for C. necator H16 strain (cultivated in
the standard mineral medium at 25°C) by optical assay for the cultivation in flasks and by the
determination of the heat signature for cultivation in a microcalorimeter. Obviously, the growth curves
show similar fundamental qualitative features, such as the lag phase before the growth and metabolic
activity start to increase. In a fact, there are also evident discrepancies between the two assays, caused
by the specific conditions of the cultivation in the calorimeter. It is evident that the termination of
metabolic activity is shifted to lower times in the calorimetric assay, probably as the result of oxygen
limitation in the non-agitated sample. This is evident from the fact that the maximal metabolic activity
(marked with an arrow in the figure) is normally found in the initial stage of the stationary growth
phase where the mathematical product of the number of cells and the metabolic activity per cell
reaches its peak. Nevertheless, as far as the method allows parallel cultivation of up to six different
cultures at the same time, rather than comparing the assay with the cultivations outside the
calorimeter, its main strength is in the comparison of heat signatures from various cultivations under
comparable conditions (one example will be provided in 6.2.2).

To conclude this rather methodological section, | have tried to illustrate here (on the particular
example of the research of PHA producing bacteria) that physical chemistry can complement the other
specializations and methodical approaches in the analysis of biological systems with the distinct,
irreplaceable, and particularly contributive perspective. Only when put together, the individual pieces
of the puzzle, provided by all these contributors, can create a complete picture of the understanding
of how living organisms work (Fig. 61). An example of a particular biological phenomenon, approached
in such a complex interdisciplinary way, will be given in the next chapter where our contribution to
understanding the broader ecological and evolutionary context of the ability of bacteria to accumulate
PHA will be discussed.

Fig. 61  Physical chemistry as an indispensable piece of the complex puzzle of understanding the
living systems
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6.2 Feeling stronger: role of PHA in bacterial stress-response

Although bacteria are among the most abundant organisms in nature, nature is not always very
kind to them. Without a moment of rest, bacteria are challenged by the environment, being exposed
to rapidly fluctuating physical conditions such as temperature, pH or salinity, and intensity of light, or
to chemical restraints like limited availability of nutrients. To cope with the inhospitality of their natural
habitats, bacteria developed numerous strategies which help them to face various stress conditions. It
was likely just their astonishing variability in stress-response scenarios that made bacteria so successful
in the process of natural selection in various highly competitive environments. [153, 154]

As it was already mentioned, PHA, since their discovery almost a century ago, were long considered
simply carbon storage materials. Hence, their stress-coping role was seen just in providing energy
during periods of starvation and their involvement in other protective mechanisms were overlooked,
until the first study indicating their more complex biological role was published by Tal and Okon [155].
The authors reported that bacterial cells of Azospirilum brasilense accumulating PHA up to about 40%
of CDM were significantly more resistant to UV irradiation, desiccation and osmotic pressure than cells
containing a very low amount of PHA (about 5% of CDM). Suggestions of this pioneer study was further
supported mainly by the work of Kadouri [142, 156-158] and Zhao [140] who were the first that
compared the stress resistance of wild-type PHA producers with their mutants incapable of PHA
biosynthesis or hydrolysis. Since that time, few other reports appeared indicating that PHA supports
cell survival under various stress conditions, including extreme temperatures, freezing, osmotic and
oxidative pressure, or exposure of the cell to UV irradiation, ethanol, or heavy metals. Furthermore, it
was discovered that some bacteria are even capable of PHA biosynthesis from toxic substances such
as methanol or styrene [159-161]. Hence, the idea of PHA as an “ordinary” single-purpose storage
molecule began to slowly shift to the notion caricatured in Fig. 62 - PHA as the crucial cellular
component contributing significantly to the actual cell fitness and robustness.

Fig. 62 Modern idea of PHA as a cellular component which is essential in its contribution to the
overall cell robustness.

We have followed up on these first works with an extensive research study, where we exposed the
famous representative of PHA accumulating bacteria, C. necator H16, to various adverse conditions,
and compared not only its overall stress-survival but also various specific aspects of its stress-response
behavior, to those of the PHA non-accumulating culture (most often the PHA synthase deletion mutant
C. necator PHB™). The main outcomes of several years of this research are summarized in 6.2.1. This
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research also brought us to consider not only the involvement of PHA in surviving exposure to acute
doses of the stressor but also its role in adaptation to mild stress doses, taking into account both the
evolutionary and technological relevance of this topic (section 6.2.2). Finally, most recently we have
turned the main focus of our research to PHA accumulation by extremophiles, the fascinating
organisms that are currently in the spotlight of numerous scientific disciplines, such as eco-biology,
evolutionary biology, next-generation biotechnology, but also astrobiology (6.2.3).

6.2.1 Stress survival of PHA accumulating bacteria

As introduced above, the general experimental strategy, that we utilized in this research, was based
on the parallel exposure of PHA accumulating and non-accumulating cultures of C. necator to an
environmentally relevant stress factor followed by complex characterization of the intact and stressed
cell cultures, respectively, with a wide spectrum of analytical methods.

First, we paid attention to the resistance of the C. necator cultures against low temperature and
freezing™V. As far as approximately 80% of our planet’s biosphere is permanently cold with average
temperatures below 5°C and even in the remaining regions the temperature fluctuates wildly, low or
cryo temperatures represent one of the most common types of adverse conditions that bacteria have
to cope with. The mechanism of cell damage for this case is well-described and depends on whether
or not the temperature decreases below the water freezing point. Above, the bacterial cells are usually
capable of active defense against, usually involving synthesis and action of cold shock proteins or other
specific cold-fighting metabolites. On the other hand, when the temperature reaches the value at
which water starts freezing, most prokaryotes lose the ability to respond actively, which usually leads
to the death of cells. As the extracellular ice crystals grow, osmotic pressure in the medium increases
since the excluded solutes concentrate in a decreasing volume of water. This effect leads to “freeze
dehydration”, and has harmful consequences for challenged cells similar to that of cell exposure to an
environment with high salinity. Other lethal effects are caused by the formation of intracellular ice
crystals that bring damage to membranes and organelles and cause also the formation of intracellular
gas bubbles. Last but not least, cells can also be damaged by reactive oxygen species formed in cells
during freezing, and by the mechanical injury induced by the decreasing volume of the bacteria-
inhabited channels of unfrozen liquid surrounded by growing ice crystals [162].

In our study™, we compared the viability of C. necator H16 (with PHA content of 76 % CDW) and
the mutant strain C. necator PHB™ (PHA content 0.4 % CDW) after a single freeze-thaw cycle, whereby
various freezing temperatures were applied (-5, -10, -15 and -20°C). We have confirmed that the
bacterial strain capable of PHA accumulation revealed a significantly higher ability to endure freezing
than its PHA non-producing mutant strain. The difference between the viabilities of the respective
bacterial strains increased with decreasing freezing temperature, the protective effect of PHA was
hence the most obvious at -20°C where 84.1% of C. necator H16 cells retained viability, while only
34.5% of C. necator PHB™* cells were identified as viable (by Propidium lodide staining and flow
cytometry detection). We have also evidenced that the protective effect is not connected with direct
metabolic utilization of PHA (polymer content in the cells did not change during the experiment).

A lot of effort was put into the paper to the detailed discussion of the mechanism of this
cryoprotection provided by PHA. Taking together the specific effect of PHA on the activity of
intracellular water (already described in 6.1.3), specific viscoelastic properties of PHA granules (also
discussed in 5.2.3) and the higher cellular content of cryoprotective 3-hydroxybutyrate molecule in
PHA producing bacteria (yet to be discussed in 6.3), we have proposed a concept of the simultaneous
interplay of all these contributions in the complex protective effect of PHA. Specific physico-chemical
properties of PHA-containing cells seem of crucial importance in this fine-tuned mechanism. The
flexible scaffold of PHA granules with the liquid-like properties provides physical protection for cells
against the formation of ice crystals and shearing stress associated with the freezing of extracellular
water. Furthermore, the affected activity of intracellular water (determined by calorimetric and
thermogravimetric assays) influences the rate of cell dehydration during freezing. It is well known that
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a compromise between a too high degree of cell dehydration (causing the harm effect of “freeze-
drying”) and a total suppression of it (supporting the formation of intracellular ice) is optimal in order
to minimize the resulting cell mortality. It is therefore very likely that the effect of PHA presence on
the rate of transmembrane transport of water may represent an important contribution to the overall
cryoprotective strategy of PHA-producing bacteria.

Next, we turned our attention to the resistance of PHA-producing bacteria against UV irradiation.
Again, UV light belongs among the most frequent environmental stress factors. It brings various
harmful impacts on living organisms, for instance, UV light absorption induces oxidative pressure by
stimulating the production of reactive oxygen species (ROS). Furthermore, it causes damage to the
molecular structure of essential biomolecules, mainly nucleic acids, but also lipids or proteins [163].
The ubiquitous nature of sunlight exposure makes the resistance against its UV components one of the
most critical factors of natural selection. Moreover, it can be expected that the evolutionary
significance of UV radiation and the ability to face this stressor may even increase because it has been
estimated that by the end of the twenty-first century, the intensity of UV radiation at the Earth’s
surface would increase by approximately 5-10% in temperate latitudes and by about 20% in high
latitudes [164]. Consequently, microbes have developed various strategies how to cope with the
negative effects of solar radiation. Some of them rely on active defense against oxidative stress or on
the molecular DNA repair mechanism. The others utilize special UV light-absorbing metabolites, e.g.
pigments, melanin, ectoines, or special amino acids [165]. Furthermore, several reports dealing with
the stress robustness of PHA producing bacteria indicated that also the presence of PHA granules in
microbial cells provides protection against UV radiation [150, 157, 158, 166]; however, none of these
studies focused on revealing the particular UV-protective mechanism of the granules.

Therefore, in our study®™" we exposed C. necator H16 and PHB™ cultures to UVA radiation and
measured cell viability at different time intervals. We confirmed that PHA accumulating strain showed
significantly higher survival than the non-accumulating one. We complemented this study with a
comprehensive investigation of light absorption and scattering properties of the cultures, results of
which have already been discussed in 6.1.3. We have shown that, as expected, PHA granules do not
considerably absorb UV radiation but they are effective light scatterers. Apart from that, we revealed
a significantly lower absorption of UV light by DNA molecules, and, moreover, a considerably reduced
level of ROS in the PHA-accumulating cells. It is well known that PHA granules are not randomly
distributed in bacterial cells, but they are specifically attached to DNA, the most UV-sensitive molecule
which enhances their shielding effect [167]. Furthermore, as will be discussed further in 6.3, the most
common monomer unit of PHA — 3-hydroxybutyric acid, which is continuously produced in PHA
accumulating cells, provides chaperon effects — it protects the structure of biomolecules. Hence, we
have suggested in the paper that the UV-protective effect of PHA granules is in fact, similarly to the
cryoprotective one, contributed by several physical (“shielding” of the DNA molecules from the UV
absorption by the effective light scattering) and chemical (reducing ROS content, synthesis of chemical
chaperon 3-hydroxybutyrate in cyclic PHA metabolism) factors.

Another environmental stress factor that, naturally must not be missed in our study, is osmotic
stress. Changes in external osmolarity are experienced by prokaryotes on a daily basis. Soil bacteria,
for instance, are exposed to quick fluctuations in external salinity depending upon the weather. When
bacterial cells are exposed to hypertonic conditions caused by a high extracellular concentration of
solutes, water goes out of the cells causing quick dehydration of the cytoplasm. Moreover, as the
volume of cytoplasm decreases, the cytoplasm membrane shrinks and separates from the outer layers
of the cell envelope in the process known as plasmolysis. Conversely, when bacterial cells are exposed
to hypotonic conditions, water influx tends to increase the cell volume and put significant mechanical
forces on the membrane. Because the cytoplasm membrane is weak in tensile properties and cannot
cope with significant volume changes (it was reported that is not capable of shrinking more than 2-5%
[168]), both processes often result in a loss in integrity or even collapse of the cytoplasmic membrane
(in the case of osmotic down down-shock referred to as hypotonic lysis).
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Also in the case of osmotic fluctuations, bacterial cells developed sophisticated protective
mechanisms to cope with their negative effects. For instance, special membrane-associated channels
are used for detecting variations in osmolality of the cell surrounding. When an increased osmolality
is detected, synthesis of osmolytes (also called compatible solutes) is induced in the cell. These small
solutes (among which belong for example trehalose, ectoines, glutamate or glycine betaine) balances
water activity between the cell and its surrounding, reduce the osmotic pressure, and, therefore,
protect bacterial cells from the harmful effect of the osmotic up-shock. Usually, these molecules also
often serve as chemical chaperones, protecting various sensitive cellular components from
denaturation and loss of biological activity. Furthermore, mechanosensitive channels are able to
respond to cell exposure to a hypotonic environment by pumping water (and solutes) out of the cell
[169].

Again, protective effects of PHA were reported before also for osmotically challenged bacterial cells
[140, 157, 166]. We supplemented these works with a study®® where we confirmed that the PHA-
accumulating wild-type strain (C. necator H16) survived osmotic up-shock much better than the PHA
non-accumulating mutant (C. necator PHB™). Besides, we proved that the protective mechanism is not
connected to the direct metabolic utilization of PHA, since we found that the osmotic up-shock did not
induce any intracellular PHA degradation. Our multidisciplinary perspective, involving morphological
and biophysical analyses of the intact and stress-exposed cultures, led us to the understanding that
the PHA granules provide a scaffold-like effect to the cells and prevent them against massive
plasmolysis which was manifested in PHA non-accumulating cells. An interesting contribution to this
understanding was provided by thermogravimetric assay for the determination of intracellular water
(using the method described in 6.1.3). As expected, the critical water content (that is considered
equivalent to the content of water in the cells) decreased for osmotically challenged cells compared
to the intact ones, however, we discovered that for PHA accumulating cells, this osmotically induced
decrease in intracellular water content was significantly less pronounced compared to the cells unable
of PHA accumulation. Another important observation was provided by cell morphology imaging by
TEM (and complemented with cryoSEM). When the plasmolysis occurred in the very close vicinity of
PHA granules, it was possible to observe that PHA partially stabilized membranes by “plugging” small
gaps. Therefore, it is likely that the osmoprotective effect of PHA granules is at least partially enabled
by the unique mechanical properties of amorphous intracellular PHA granules. Fluorescence
microscopy further revealed that in the PHA non-accumulating cells, the value of pH is significantly
more lowered as a result of osmotic up-shock. Similarly, also the viscosity of cytoplasm is more affected
by the osmotic challenge for the non-accumulating mutant, which is another evidence of the loss of
integrity of the cell membrane. On top of that, Raman spectroscopy evidenced that PHA in the cells
hyperosmotically challenged PHA producing strain undergo partial crystallization which is in good

agreement with our study on stress-induced crystallization of PHA in vivo*V.

We later conducted a follow-up study*V' focused on the fate of the same bacterial cultures exposed
to subsequent osmotic up- and down-shock. Once again, the PHA accumulating wild-type strain
Cupriavidus necator H16 survived this challenging sequence much better than the PHA negative
mutant. It was evidenced both by the morphological and thermogravimetry assay that the PHA non-
accumulating cells underwent massive hypertonic lysis, while the PHA-accumulating culture was
capable of maintaining the cell integrity when suddenly transferred from hypertonic solution to
distilled water. Isothermal TGA analysis proved to be a powerful technique for the detection of
membrane integrity loss which was also confirmed by TEM analysis. To untie the down-shock behavior
from the specific effects of previous hyperosmotic challenges, we included in this study also an
investigation of the hypoosmotic challenge of PHA-accumulating halophilic bacterium Halomonas
halophila which is adapted to high salinity and, therefore, did not experience any osmotic up-shock

XXV Sedlacek, P., Slaninova, E., Koller, M., Nebesarova, J., Marova, |., Krzyzanek, V., and Obruca, S. PHA
granules help bacterial cells to preserve cell integrity when exposed to sudden osmotic imbalances. New
Biotechnology. 2019, 49, 129-136. Attached as Appendix 17.
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during the experiment. Also in this microorganism, exposure of the cells to hypotonic conditions
(distilled water in particular) resulted in massive lysis of PHA-poor cells and considerable capability of
keeping the cell integrity and viability in PHA-rich cells.

Beyond the scope of the above-mentioned studies, by the way of our research, we have met several
additional manifestations of the increased cell robustness of PHA accumulating bacterial cells. For
example, when we tested the usability of an analytical centrifuge in the analysis of PHA producing
cultures (discussed in 6.1.3), we have found that boiled cultures of cells rich in PHA were much less
prone to cell lysis than those with low PHA content™’. We have summarized the state of the art in
understanding PHAs' role in stress-robustness in one review article®™¥" and one book chapter®™¥!,
Anyway, all the published reports and our original findings on the involvement of PHA in the stress-
resistance of bacteria have led us to the conclusion that bacteria use PHA like we use a Swiss army
knife (Fig. 63). Like a better tool can be found for each of its purposes, there are mechanisms more
sophisticated and powerful, that some bacteria can use when coping with an individual stressor.
Nevertheless, like in the Swiss knife, the main advantage stands in the versatility of the PHA effects.
For both tools, a wide range of benefits is obtained for a reasonable price.

Fig. 63 Bacterial PHA granules are like a Swiss army knife: they offer versatile performance for a
reasonable price

6.2.2 The role of PHA in stress adaptation

Understanding the improved survival of PHA accumulating cells when exposed to acute stress doses
does not provide a complete overview of the role of PHA in responding to stress conditions. Equally,
important information is brought by investigating how the PHA participates in the behavior of bacterial
cells exposed to moderate or low doses of stress, those that do not directly threaten the life of the
cells but can induce crucial changes in cell physiology. Mechanisms of cell response to this exposure
play an essential role in what is understood by stress adaptation — preparation of the organism for

XXV Obruca, S., Sedlacek, P., Koller, M., Kucera, D., and Pernicova, I. Involvement of polyhydroxyalkanoates in
stress resistance of microbial cells: Biotechnological consequences and applications. Biotechnology Advances.
2018, 36, 856—870. Appendix 18.

XXV Obruca, S.; Sedlacek, P.; Pernicova, |.; Kovalcik, A.; Novackova, |.; Slaninova, E.; and Marova, |.
Interconnection between PHA and Stress Robustness of Bacteria. In The Handbook of Polyhydroxyalkanoates;
CRC Press, 2020; pp. 107-132.
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future stress encounters. As the adaptation occurs, the stress previously experienced feels less
stressful in future sessions.

As was already emphasized, there are numerous reports supporting the empirical experience that
the controlled introduction of various stress conditions (e.g. osmotic pressure, heavy metals, H,0; or
ethanol) supports PHA accumulation in bacteria [135]. This finding is not only of fundamental
ecological importance but also of great biotechnological significance. Stress-assisted biotechnology
has been identified as an underexplored auspicious strategy to improve PHA production processes, as
we summarized partly in the review focused on the general role of PHA in stress response®™¥!, and in
more detail also in the later, technologically focused review*™*,

The enhancement of PHA productivity by moderate stress doses were previously reported mainly
for “good” PHA producers, such as C. necator H16. Nevertheless, we have recently conducted also a
study employing cyanobacteria. Apart from the specific ecological and evolutionary position of these
prokaryotes, another motivation of this study was in that the accumulation of PHA in these organisms
is much lower and the physiological role of PHA may be different. However, also this study supported
the general conclusion that PHA accumulation is supported by controlled stress, in particular to salt
exposure™ and UV-B irradiation™. PHA accumulation can hence be considered one of the immediate
mechanisms contributing to the stress adaptation process in prokaryotes.

The simple idea of the phenomenon of adaptation can be illustrated by the old saying “No pain, no
gain”. Wherever an organism is exposed to adverse conditions, its fate is governed by the actual dose
of the stressor in the way described already by Paracelsus [170]. It is fascinating how similar the basic
features of dose-response performance seem to be, regardless of the level of complexity of the
organism, or of the particular stress factor that the organism faces. For instance, such biologically
independent phenomena as the toxicity effect of an antibiotic on bacterial cells on the one side and
the performance of a human under physiological or mental arousal on the other, show conceptually
similar dose-response relationships. This universality of the dose-response forms the foundation of the
general concept of stress biology called hormesis [171]. Taking together all the knowledge gained on
the interconnection between mild stress exposure and PHA accumulation, we have suggested in our
recent paper®™” the original opinion that accumulation of PHA in bacterial cells represents in fact an
additional, not yet recognized, example of the hormetic stress response (Fig. 64). This concept
emphasizes once again the unique evolutionary role of PHA in the world of prokaryotes.

As far as the evolutionary perspective on PHA accumulation is concerned, there is one additional
point that has attracted our experimental attention. It has been suggested [172] that the cell
robustness of microbial strains and their resistance to various stress factors (including physical
stressors as well as molecular inhibitors) could be enhanced by the application of tools of evolutionary
engineering. A general principle of evolutionary engineering (sometimes also referred to as “directed
evolution”) is demonstrated in Fig. 65. It follows nature's 'engineering' principle by variation and
selection. In the adaptive laboratory evolution level of evolutionary engineering, serial batch
cultivations are performed to evolve microbial cells. In a certain interval (usually based on the cell
growth), the culture cells are transferred to a fresh medium with the same or an increased dose of the
selection factor (the stressor) for another round of propagation [172]. A combination of evolutionary
engineering together with an in-depth analysis of evolved strains represents an extremely efficient tool
for understanding various adaptation and evolutionary strategies of microorganisms at the
morphological, biophysical or molecular level.

XXX Obruca, S., Sedlacek, P., and Koller, M. The underexplored role of diverse stress factors in microbial
biopolymer synthesis. Bioresource Technology. 2021, 326, 124767. Attached as Appendix 19.

XXX Daffert, C., Grammelhofer, D., Meixner, K., Obruca, S., Sedlacek, P., Samek, O., Slaninova, E., Sedrlova, Z.,
Mrazova, K., Hrubanova, K., Krzyzanek, V., Nebesarova, J., and Fritz, I. Effect of UV-B irradiation on the formation
of polyhydroxybutyrate in Synechocystis. Submitted for publication.
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Fig. 64 Common features in hormetic stress dose responses: i. Yerkes-Dodson curve is used by
psychologists to describe the relationship between pressure and performance for humans. ii. Dose-
response performance of PHA producing bacteria under stress.

In our study, we have performed long term evolutionary experiments with Halomonas halophila
and C. necator using various stress factors such as high and low temperature, the high and low osmotic
pressure of cultivation media, presence of heavy metals (Cu?), organic pollutants (p-nitrophenol),
organic acids (acetic acid and levulinic acid), phenolics and also furfurals. Typically, the laboratory
evolution lasted for 30 — 75 passages, then the evolved bacterial cultures were in-depth characterized
and compared with the wild-type strain to find phenotype changes induced by the directed evolution.
We have confirmed that the adaptation of the bacteria to stress conditions has never been
accompanied by suppression of the PHA synthetic pathway resulting in a decrease in PHA accumulation
or PHA content in bacterial cells. Oppositely, in several cases (e.g. adaptation of C. necator to levulinic
acid or Cu* ions) we observed a considerable increase in PHA production and activities of PHA
synthetic enzymes. These results further confirmed the leitmotif of our PHA research as they
confirmed the essential role of PHA metabolism not only for survival but also for the adaptation of
prokaryotes to stress conditions.

As part of the in-depth characterization of the phenotype changes in the evolved (adapted)
bacterial strains, we relied not only on biochemical analyses (through the determination of specific
activities of selected enzymes) and the evaluation of the biotechnological potential of the strains. We
utilized also the physico-chemical and spectroscopic methodology, introduced in section 6.1. For
example, in the study where we investigated the adaptation of Cupriavidus necator to levulinic acid for
enhanced
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Fig. 65  Utilizing the concept of evolutionary engineering in research and development of bacterial
strains adapted to diverse physical and chemical stress factors.

production of P(3HB-co-3HV) copolyesters®™*!, we performed a detailed material analysis of the PHA
polymers produced by the wild-type strain and various adapted strains. In this study, the already
discussed (in 5.2.2) connection between monomer composition of PHA (3HV content in this case), their
crystallinity, and other important polymer processing parameters such as melting temperature have
been confirmed again. Same as for the metabolic characterization, we processed and evaluated the
obtained data by the correlation analysis and multivariate characterization based on Principal
Component Analysis (PCA). As far as different mutual projections of individual strains were found in
PCA diagrams derived from metabolic and material assays, respectively, we concluded that no obvious
link between general metabolic strategies of the strains and the shifts in the quality of the produced
polymer might be identified. Furthermore, as part of the investigation of the adaptation of C. necator
to levulinic acid (LA), we have offered another demonstration of the benefits of monitoring the growth
of bacteria by microcalorimetry. As can be seen in Fig. 66a and b, it can be seen how the presence of
levulinic acid in the cultivation medium inhibits the growth of the wild-type strain. Obviously, the
experiment provides better sensitivity compared to the traditional growth curve determination by
spectrophotometry. Because the metabolic signature of the growth process is a more reasonable sign
of cell viability than an optical density, the method is especially contributive when a suitable range of
the inhibitor concentrations for the adaptation studies is explored. Moreover, it can be seen that the
microcalorimetric assay provided clear evidence of the successful adaptation — obviously, the growth
of the LA-adapted strains is significantly less restricted by the presence of levulinic acid as compared
to the wild-type strain (see Fig. 66c).

Similarly, also the C. necator strains resulting from the long-term laboratory adaptation to the high
salinity (20 g/L NaCl) and the heavy metal exposure (50 mg/L Cu?*) were analyzed for the phenotype
changes brought by the evolutionary engineering process®*!. Again, the adaptation was induced by
repetitive passaging of the cells into the medium with the stressor (78 passages were performed in the
copper-adaptation experiment, 68 in the evolutionary engineering of the salinity-adapted strain).

XXX Novackova, ., Kucera, D., Porizka, J., Pernicova, I., Sedlacek, P., Koller, M., Kovalcik, A., and Obruca, S.
Adaptation of Cupriavidus necator to levulinic acid for enhanced production of P(3HB-co-3HV) copolyesters.
Biochemical Engineering Journal. 2019, 151, 107350.

XXX Novackova, ., Hrabalova, V., Slaninova, E., Sedlacek, P., Samek, O., Koller, M., Krzyzanek, V., Hrubanova,
K., Mrazova, K., Nebesarova, J., and Obruca, S. The role of polyhydroxyalkanoates in adaptation of Cupriavidus
necator to osmotic pressure and high concentration of copper ions. International Journal of Biological
Macromolecules. 2022, 206, 977-989.
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Fig. 66  Microcalorimetry applied in the study on adaptation of bacteria to molecular inhibitors.
The harmful effect of levulinic acid (LA) on the growth of C. necator H16 cells as confirmed by
monitoring the total produced metabolic heat (a) and the instantaneous heat flow (b) overtime for
different concentrations of LA in the medium. (c) Comparison of the growth thermograms of the wild-
type culture (dashed) and culture pre-adopted to low doses of LA (solid). (d) TAM Ill multi-channel
microcalorimeter that was used in the study.

The optimal dose of the stressor was selected to induce a 50 % reduction in growth of the original wild-
type strain. Again the strains evolved from this experiment were compared to the original one in their
growth characteristics, enzyme activities, and also from the viewpoint of cell morphology. In general,
the results confirmed the involvement of PHA metabolism in adaptation to both tested stressors. Apart
from the biochemical assays, we searched for the possible changes in the chemical structure of the
wild type and evolved strains using molecular spectroscopy (ATR FTIR and Raman). As can be found in
Fig. 67, where the results of this spectroscopy assays for the salinity-adaptation experiment are
provided in terms of full-spectrum PCA (in the range 1800 — 800 cm™), the evolved culture adapted to
high osmolality shows independent clustering outside the region that corresponds to the wild-type
culture both in FTIR and Raman PCA diagram. Apparently, this culture shows distinctive structural
features as compared to the original strain. Nevertheless, from a closer look into the loading of
principal components that provides this separation, it can be seen that the variance between the
cultures is contributed almost exclusively by the spectral signature of the PHA content, with no specific
alteration in content or molecular structure of other cellular components resulting from the adaptation
process was revealed by the spectroscopic assay. Moreover, we have also revealed that, in the NaCl-
evolved culture, PHA show a significantly lower tendency for crystallization during biomass drying. |
have already emphasized the connection between the crystallization of PHA in the cells and their
stress-robustness (5.2.1). Therefore, this particular result represents further confirmation of the
increased stress robustness of the NaCl-evolved culture. Furthermore, the merit of the involvement of
vibrational spectroscopy in microbial cell analysis was demonstrated in this study once again.
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Fig. 67  Results of the ATR-FTIR (a-c) and Raman (d-e) spectroscopy analysis of the original (WT)
and the salinity-adapted strain provided by evolutionary engineering of C. necator in media with 20 g/L
NaCl. (a, c) Results of Principal Component Analyses of the sets of spectra of bacterial cultures: wild
type, wild type exposed to 20 g/L NaCl, and adapted strain exposed to 20 g/L NaCl. The PCA was
performed with all measured spectra. The value in the square bracket represents the relative variance
that is composed in the respective principal component. Ellipses represent the 95% interval of
confidence. (b, e) Spectral loadings of the Principal components used in the PCA diagrams are shown.
(¢, f) Comparison of C=0 stretching bands showing the reduced crystallinity of PHA in the dried biomass
of the salinity-adapted strain compared to the wild type.

Other evolutionary engineering experiments have been also performed which are still awaiting
publication. For example, we confirmed that following the concept of evolutionary engineering, the
adaptation to a salinity below the optimum level for a halophilic bacterium (H. Halophila) can enhance
the resistance of the organism to hypotonic shock, as was evidenced not only by the results of viability
assays but also by TGA evidence of cell integrity (using method discussed in 6.1.3). Altogether, we have
confirmed in our studies that the concept of evolutionary engineering represents an exceptionally
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promising experimental tool not only in the development of bacterial strains with enhanced
performance but also in the general understanding of the adaptation process (and how the specific
contributors — such as PHA — participates in it). Furthermore, the merit of the involvement of various
methods of biophysical analysis in the directed evolution concept was demonstrated.

6.2.3 Accumulation of PHA in extremophiles

In the almost 4 billion of years of history of life on our planet, life has managed to penetrate all,
even the least imaginable environmental niches. Obviously, evolution has developed plenty of
mechanisms how to push the boundaries of life and some of them have certainly remained hidden
from our knowledge. And not surprisingly, it is just prokaryotic organisms such as bacteria or archaea,
who have been witnessing the history of evolution since its very beginning, and who therefore
represent the most suitable study subjects in our quest for understanding of how life at the extremes
has evolved.

Extremophiles are microorganisms capable of surviving and prospering in conditions, which are
considered lethal for “ordinary” organisms. Some of them can live and prosper even in the harshest
possible habitats, from extremely hot hydrothermal vents to deep-cold Antarctic soils, from the Dead
sea ultra-salty water to acidic mine drainages. Extremophile microbes hence display impressive
examples of how terrestrial life has been constrained, providing crucial implications not only for
considering the origin of life on our planet but also for the search for extraterrestrial life. Furthermore,
as we humans have been employing microbes for centuries to improve our lives, research of these
extreme-thriving microorganisms also opens up new horizons in various fields of science and
technology. For instance, traditional biotechnologies utilizing mesophilic microorganisms usually suffer
from numerous weaknesses, mainly from a high risk of contamination that imposes demanding sterility
requirements, but also from heavy consumption of water and energy used in the temperature
maintenance of the biotechnological process, and from the non-effective operation in the batch mode.
Contrarily, most of these shortcomings are easily overcome by the employment of extremophiles in
the process. Therefore, the concept of “Next Generation Industrial Biotechnologies” (NGIBs) has
evolved that relies on extremophiles as naturally robust microorganisms which are capable of surviving
and prospering under conditions that reduce the risk of contamination as well as some operating costs
of the technology [173, 174].

Numerous reports on the production of PHA by extremophiles (mainly halophiles) can be found in
literature, as we summarized in our review articles®™V!"™X!l Not surprisingly, the topic of PHA
accumulation by extremophilic bacteria attracted our attention not only because of its technological
relevance but as an additional perspective to be included in the overview on the ecological role and
evolutionary significance of these fascinating polymers. First of all, we focused our attention on
halophilic PHA producers. We proposed H. Halophila as an auspicious candidate strain for the
biotechnological synthesis of PHA in the study**"V, where we, among other things, demonstrated that
material properties (molecular weight as well as various thermoanalytical parameters) of the
polyhydroxybutyrate accumulated by this strain can be tailored by the salinity of the used cultivation
medium. As already discussed in sections 6.2.2 and 6.2.3. we have also included this bacterium in our
stress-survival and stress-adaptation studies (mainly with respect to its behavior under hypotonic
conditions).

Nevertheless, mainly from the technological point of view, employing halophiles for PHA
production still bring some considerable obstacles, mainly related to the high concentration of salt in

XX Opru¢a, S., Dvorak, P., Sedlacek, P., Koller, M., Sedlaf, K. Pernicovd, 1., and Safranek, D.
Polyhydroxyalkanoates synthesis by halophiles and thermophiles: towards sustainable production of microbial
bioplastics. Biotechnology Advances. 2022, 107906. Appendix 20.

XXV Kucera, D., Pernicova, I., Kovalcik, A., Koller, M., Mullerova, L., Sedlacek, P., Mravec, F., Nebesarova, J.,
Kalina, M., Marova, |., Krzyzanek, V., and Obruca, S. Characterization of the promising poly(3-hydroxybutyrate)
producing halophilic bacterium Halomonas halophila. Bioresource Technology. 2018, 256, 552-556.
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the cultivation media. Apart from the direct additional production costs connected with NaCl demands,
also the problems with the treatment of the salty wastewaters from the process, and the corrosive
effects of NaCl on the reactor should be emphasized. From this point of view, the use of thermophilic
bacteria is more technologically feasible. It might seem at first glance that the cultivation of
thermophiles at elevated temperatures must necessarily bring additional energy costs to the process.
Nevertheless, all fermentation processes are in fact “self-heating” processes, as far as the heat is
generated by the microbial metabolism as well as by the mechanical stirring. Consequently,
thermophilic fermentations are actually less energy demanding because great energy savings are
caused by the reduced requirements for cooling of the bioreactor. We have therefore searched for
suitable thermophilic producers that could be suggested as the candidate strains for PHA biosynthesis,
and are also involved in our study dealing with general ecological and evolutionary aspects of PHA
metabolism.

Two independent research directions were followed. First, we focused on the isolation of
thermophilic PHA producers from mixed microbial consortia. In this effort, we utilized our previous
knowledge on the enhancement of the stress robustness of bacterial cells brought by the presence of
PHA. This original experimental approach that we developed for enrichment of the consortium in PHA
producing strains (referred to as “osmoselection”) is based on the exposure of the original mixed
microbial consortia to osmotic challenge consisting of hypertonic (100 g/L NaCl) and subsequent
hypotonic (distilled water) shock. The cells robust enough to survive this challenge provide growing
colonies when plated on agar. As far as the standard way of distinguishing PHA producing colonies by
Nile red staining [175] turned out to be unusable in the case of thermophilic strains (false positive
staining of PHA non-producers was observed), we developed an alternative procedure based on ATR-
FTIR screening. This identification procedure is rapid (2 — 3 minutes are needed before the biomass
sample transferred from the agar plate to the ATR crystal surface dehydrates), requires an only a small
amount of the biomass, and provides not only direct structural evidence of PHA presence but also a
semi-quantitative estimate of the level of its intracellular content (the use of FTIR for identification and
guantitative analysis has already been discussed in 6.1.1). We have introduced this original
combination of enrichment (osmoselection) and identification (ATR FTIR) procedures in the published
study®™®¥, where we proved its usability in the isolation of thermophilic and thermotolerant PHA-
producing bacteria from activated sludge. Since then, the method provided us with several interesting
thermophilic PHA producing strains, and, among them, the isolate taxonomically classified as
Aneurinibacillus sp. H1 was identified to be the most promising one*V!" X' \We have already discussed
the technological potential of this strain in the production of PHA copolymers with auspicious material
properties (5.2.2).

Apart from the isolation and characterization of original PHA-producing thermophilic isolates, we
have recently turned our attention to one thermophile that has already been known for quite a long
time. Schlegelella thermodepolymerans DSM 15344 is a moderately thermophilic bacterium, that was
isolated from activated sludge in 2003, when its ability to degrade various polyesters was also
described [176]. Nevertheless, apart from this plastics degrading ability, only a little attention was paid
to this bacterium, until we have reported that S. thermodepolymerans is also capable of the production
of high amounts of polyhydroxyalkanoates*'. In this study, we have also proved the capability of the
bacterium to incorporate quite high contents of 3-hydroxyvalerate into the PHA structure, which alters
the material properties of the produced polymers significantly as already discussed in 5.2.1. This,
together with several other newly recognized aspects of its metabolism (e.g. preferential utilization of
xylose) and genetic information (e.g. genetic disposition for transformation and degradation of
aromatic compounds) make S. thermodepolymerans an exceptionally promising candidate for

XXXV pernicova, I. Novackova, I., Sedlacek, P., Kourilova, X., Koller, M., and Obruca, S. Application of osmotic
challenge for enrichment of microbial consortia in polyhydroxyalkanoates producing thermophilic and
thermotolerant bacteria and their subsequent isolation. International Journal of Biological Macromolecules.
2020, 144, 698-704.
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implementation in NGIBs. Most recently, we have started a research project dealing with the
biochemical, biophysical, and stress-response importance of PHA for this bacterium, where we hope
to extend our understanding of the role of PHA in bacteria also to the unique world of thermophiles.

Fig. 68 General experimental procedure for identification of PHA positive and PHA negative
colonies by ATR-FTIR as utilized in isolation of thermophilic PHA producers from mixed microbial
consortia.

6.3 Another brick in the wall: monomer comes to the scene

Physical work is widely accepted as a great stress and anger relief. Nevertheless, imagine how
relaxed and un-irritated would you feel, if you, for instance, were building a wall and, at the same time,
someone next to you was demolishing the wall back to the bricks with a hammer? You may be asking
why would he do that? Well, maybe just because he needed the bricks for another purpose.

Actually, nature provides numerous examples of how functional this apparently nonsense
combination of constructive and destructive processes can be. One of those can be found also in the
metabolism of polyhydroxyalkanoates in PHA-producing bacteria. It is well known that the PHA
metabolism has a cyclic nature. It means that at a given moment, although the rate of PHA synthesis
or hydrolysis prevails according to the current physiological state, both metabolic pathways are still
active in the cell. The PHA metabolism is therefore referred to as the so-called “PHA cycle” [142].
Consequently, PHA-producing cells always contain a substantial amount of PHA monomers. So why do
these cells aside from the energy investment into building the wall (PHA synthesis) maintain also the
energy input into the wall demolishing (monomer production)? For what do they need a constant
supply of the loose bricks?
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At the time when we came to the topic of PHAs’ role in cell robustness, there was to our best
knowledge single report indicating that 3-hydroxybutyrate (3HB) per se could provide a protective
effect to the bacterial cells (or, more specifically, to the cellular proteins) [177]. Aside from the study
focusing on the protective role of polymer PHA and its intracellular granules, we hence performed the
experiments where we confirmed the interesting chaperonic effects of the monomer unit (details in
6.3.1), and also the follow-up physico-chemical study where the light was shed on some of these
effects from the viewpoint of the phase behavior of 3HB in aqueous solutions.

Fig. 69 What is the reason for breaking the wall? Apparent energetic nonsense of the PHA cycle is
clarified by the protective effects provided by monomer molecules.

6.3.1 Protective effects of 3-hydroxybutyrate

In order to evaluate the protective effects of the monomer unit most frequently contained in the
polymer structure of PHA, i.e. 3- hydroxybutyric acid (or 3-hydroxybutyrate as its dissociated form),
we first investigated®™V! its capability of protecting model enzymes (lipase, lysozyme) from heat-
induced or chemical (oxidative) denaturation. For this purpose, we used not only standard biochemical
assays (enzyme activity measurement), but in parallel also physicochemical methods, namely DLS
(monitoring the increase in the hydrodynamic volume of the proteins during the denaturation) and
DSC (investigating the denaturation by its heat signature). Surprisingly for us at the moment, we have
revealed that when compared at the same molar concentration, 3HB showed a greater protective
effect than the well-known chemical chaperones, such as trehalose or hydroxyectoine. Furthermore,
in the study™" dealing with the role of PHA in the survival of microbes under freezing, we, to our best
knowledge for the first time, manifested the structure-stabilizing effect of 3HB on an enzyme also
during cyclic freezing/thawing. With the increasing addition of 3HB, the residual activity of the
analyzed enzyme (lipase) increased significantly during the repetitive (up to 7 consecutive cycles)

XXXV Obruca, S., Sedlacek, P., Mravec, F., Samek, O., and Marova, |. Evaluation of 3-hydroxybutyrate as an
enzyme-protective agent against heating and oxidative damage and its potential role in stress response of poly(3-
hydroxybutyrate) accumulating cells. Applied Microbiology and Biotechnology. 2016, 100, 1365-1376. Attached
as Appendix 21.
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freezing and thawing. This protective effect was, again, comparable to that of trehalose, a well-
recognized cryoprotectant.

Apart from the chaperonic effect for the biomolecules, we further revealed in the study™" that 3HB
provides the cryoprotective effect also to whole microbial cells. When added extracellularly, it served
as a very potent cryoprotectant both for yeast cells (Saccharomyces cerevisiae) and bacteria (C. necator
sp. H16 and PHB™). Moreover, we have proved experimentally™V' that the PHA-producing strain
Cupriavidus necator H16 reveals a 16.5-fold higher intracellular concentration than the PHA non-
producing mutant C. necator PHB-4. Taking together all the obvious protective effects of 3HB and its
evidently higher content in the PHA accumulating cells, it can be deduced that constant degradation
of PHA into the monomer units represents an additional piece in the puzzle of the complex mechanism
of the contribution of PHA to the stress resistance of bacteria.

6.3.2 On the hydration of 3-hydroxybutyrate

The chaperonic, and mainly the newly recognized cryoprotective, effect of 3HB attracted our
attention not only from the purely biological point of view. The mechanism of the universal
bioprotective performance of compounds like trehalose — often referred to as compatible solutes or
chemical chaperones — is not clearly understood, nevertheless, it is believed that they are able to
stabilize labile biopolymers (e.g. proteins) by affecting their hydration in the cell [178]. Furthermore,
| have already emphasized in 6.2.1 that in the particular case of cell freezing, the cell survival is affected
by the activity of intracellular water, as it influences the rate of the cell freeze-dehydration as well as
the tendency to formation of intracellular ice crystals.

Bearing this essential role of water in mind, we decided to perform a comprehensive study**¥" on
the thermodynamics of the aqueous solutions of sodium salt of 3HB (Na3HB) as an inevitable first step
to a better understanding of stabilizing effects provided by 3HB. Two distinct experimental strategies
were used for this purpose: first, hydration of 3HB was studied using a combination of three different
methods of sorption analysis (vapor sorption TGA, water activity analyzer and sorption calorimetry),
second, phase transitions in aqueous solutions of Na3HB were studied via DSC under equilibrium and
non-equilibrium conditions, respectively.

Our experiments proved an outstandingly hydrophilic nature of 3HB which is at least comparable
to, but in some perspectives (solubility, water activity decrease in solution) even better than some well
recognized compatible solutes such as trehalose. This represents a crucial finding not only with respect
to understanding the natural protective role of 3HB in PHA-accumulating organisms but also from the
view of its potential application in the technological fields in which stabilization of biological molecules
is required (e.g. cryopreservation of biological samples, food preservation, cosmetics, etc.). Apart from
this, the study also revealed that sodium salt of 3HB can form, depending on the conditions
(temperature, relative humidity), at least two different crystalline forms — anhydrous crystal and
crystalline dihydrates.

The study also confirmed the high cryoprotective potential of 3HB in many aspects of the
equilibrium (the corresponding phase diagram is shown in Fig. 70b) and non-equilibrium (Fig. 70c)
phase behavior of the Na3HB/water mixtures. For instance, the effect of 3HB presence on the water
freezing curve in the equilibrium phase diagram and the position of the eutectic point that represent
the least achievable water freezing temperature (-28.1°C for Na3HB content of 40.5 wt.%) is, again,
comparable to the effects found for compatible solutes and routinely used cryoprotectants such as
trehalose, glycerol or sucrose. Similarly, the cryoprotective effects of 3HB can also be illustrated by its
non-equilibrium behavior in aqueous systems. Water freezing was reduced partially (below Na3HB
content of 40-50 wt.%) or completely (above this Na3HB content). Furthermore, in the region where

XXXV Slaninova, E., Obruca, S., Kocherbitov, V., and Sedlacek, P. On the bioprotective effects of sodium 3-
hydroxybutyrate: thermodynamic study of binary Na3HB-water systems. Submitted for publication. Attached as
Appendix 22.
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the water freezes a significant freezing temperature depression was found again. Last but not least,
from the total enthalpies of the ice melting endotherms (determined by DSC) we determined the
amount of nonfrozen water to be approximately 1.35 g water per g of Na3HB (or 0.57 g water per g of
water/Na3HB mixture). Once again, this illustrates the outstanding position of Na3HB among the
recognized compatible solutes. For instance, published values of non-freezing water for sugars range
from 0.21 g water per g of fructose, through 0.26 g water per g sucrose, to 0.31 g water per g trehalose
[179].

Fig. 70  Cryoprotective role of 3HB as understood from the phase behavior of 3HB-water mixtures.
(a) Schematic representation of the two main mechanisms of the lethal effect of freezing to cells. (b)
The phase diagram in the equilibrium of 3HB-water complex using DSC (x); sorption calorimetry ( ®)
and DVS ( @). All lines are drawn as a guide for the eye to follow the respective phase boundaries. (c)
The phase diagram in non-equilibrium of Na3HB-water complex using DSC data from second scans
represented by stars (x). All lines are drawn as a guide for the eye to follow the respective phase
boundaries.

The above-mentioned study hence represents another illustration of a valuable input of the
physicochemical way of thinking to shed light on biological phenomena. The particular results on the
hydrophilicity of 3HB and phase behavior of 3HB/water systems allow us to fully appreciate the
contribution of the monomer to the overall protective function of PHA (the complete idea of the
protective effect is illustrated in Fig. 71). It can also explain why the capability of PHA synthesis is so
widespread among psychrophilic bacteria. Last but not least, this study might also open a gate for the
application of Na3HB for instance in the food industry or biotechnology as a potent cryoprotectant or
lyoprotectant.
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Fig. 71 The updated idea on the protective role of PHA in bacterial cell concluding our studies: biophysical mechanisms that contribute to the complex
protective effect of PHA in the bacterial cells
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Chapter 7:
Hydrogels: experimental model of biological

systems, soft-matter material for future
applications

“What do we mean by soft matter? Americans prefer to call it ‘complex fluids.' This is a
rather ugly name, which tends to discourage the young students.”
(Pierre-Gilles de Gennes)

“Just because you are soft doesn't mean you are not a force.”
(Victoria Erickson)

When something is soft, it is not necessarily weak as well. Soft-matter, as already introduced in
chapter 3, is in fact a family of exceptionally powerful materials. Among them, hydrogels represent yet
special category. Hydrogels are three-dimensional networks of polymer chains (or associated colloidal
particles in the case of particulate gels) that are able to retain a large amount of water in their swollen
state. Since the term “hydrogel” first appeared in the scientific literature, these materials have
continuously attracted substantial attention in research and development (see Fig. 72 and historical
review [180]). Currently available hydrogels are materials of versatile composition, preparation, and
properties [181]. They are utilized in numerous applications like biomedical, environmental, or in the
fields of personal care and bioseparations [182]. In general, the essence of their technical functionality
is rooted in their structure, i.e. network architecture, mesh or pore size, pore distribution etc., and in
their binding ability based on a combination of chemical and physical structural features.

Fig. 72 The most important event in the history of hydrogel research. Adopted from [180].
References to the original works can be found ibid.
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Hydrogels are especially attractive also from the “bio” perspective [183]. Actually, they have been
found in nature since life appeared on Earth. Bacterial biofilms, formed by hydrated extracellular
matrix (ECM) components, represent probably the evolutionary oldest example of a natural hydrogel-
like structure [184]. Numerous bacterial strains are capable of secreting gel-forming components such
as alginate (e.g. Azotobacter sp., which will be further discussed in 7.3.3), hyaluronate, or microbial
cellulose as a part of their defense and survival strategies. Nevertheless, many other examples can be
found also in the higher organisms. In general, plants represent a good example [185] as they possess
a remarkable ability to support very large volumes of water without losing tissue cohesion. However,
similar water-swollen structural motifs are can be found also in the animal world. For example, the
body of jellyfish is about 95 % water [186]. The prevalence of hydrogel-like structures in nature clarifies
why, since the beginning of the research and development of artificial hydrogels, the use of these
materials was intended primarily for bio-applications. From the traditional uses of natural gel-forming
compounds, such as gelatine and agar, to the “smart” hydrogels developed for modern biomedical
uses, the main motivations for the application of hydrogels in bioanalytical and biomaterial areas were
always based on the unique combination of biological (biocompatibility, ECM- and tissue-mimicking
structure), mechanical (viscoelasticity and adhesion) and transport (barrier and release) properties
that these materials offer. In a fact, all these specific material attributes result from the combination
of a chemically or physically crosslinked polymer network, penetrating the whole volume of the gel,
and a large amount of water, entrapped in it. Regarding, for instance, the deformation performance
of the gels, their softness and liquid-like deformation attributes (such as viscous flow under high shear
rates) results from the amount of aqueous solution contained in their structure, while the rigidity and
elastic behavior, prevailing under normal deformation rates, are provided by the network formed in
their structure by the dispersed component [187, 188].

Another practical consequence of the specific ambivalent structure of hydrogels can be found in
their transport properties. This topic was already opened in 5.1.1 where we discussed the major
benefits that the hydrogel medium provides for experimental monitoring of diffusion processes.
Kinetics of the molecular movements in gels is fast (the rate of diffusion of a solute in a hydrogel
medium is of the same order of magnitude as in the liquid solution, only partially reduced by the
specific effects of the dispersed network). The specific effects of the dispersed component on solute
diffusion may be illustrated in considering hydrogel as a specific type of porous diffusion medium. In
such a medium, the rate of diffusion of a solute is influenced by two inevitable effects: a reduced cross-
sectional area, available for the diffusive flux compared to the macroscopic cross-sectional area
(assuming that the compound cannot penetrate the dispersed particles), and a more tortuous
transport of the compound into the pores of medium. Furthermore, the diffusing compound may also
interact with or even bind to the dispersed particles (e.g. with the polymer network in the hydrogel).
The appropriate mathematical model for the description of diffusion in porous media, including all the
above-mentioned effects, can be found for instance in [189]. Aside from maintaining the rate of
diffusion processes in hydrogel near to those of the corresponding liquid medium, all the disturbing
effects typical for liquids, such as thermal or mechanical convections, are significantly reduced in the
gels as a result of their high apparent viscosity. Altogether, this makes hydrogel media so useful and
widespread wherever the diffusion-related phenomena are studied.

Some of the simple, yet popular demonstrations of the special transport properties of gels are
presented in Figure 73. Chemical gardens, a phenomenon discovered more than three centuries ago
[190], represent not only a popular chemical experiment for middle-school chemistry lessons but
nowadays there is also a growing interest in them in disciplines as varied as chemistry, physics,
nonlinear dynamics, and materials science [191,192]. Liesegang rings, periodical bands or ring patterns
formed by inorganic precipitation in a polymer gel medium, have attracted the attention of chemists,
geologists and biologists, in experiments in order to understand natural patterning. Although
numerous qualitative and mathematically formulated models have been suggested, we still lack a
complete explanation of both phenomena [193].
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Fig. 73  Common practical demonstrations of diffusion-related phenomena in hydrogels: chemical
gardens (a, b), Liesegang rings (c, d). The procedures used for preparation of the shown phenomena
are provided in our paper™®Vi,

| have already discussed in 5.1 why and how the hydrogel forms of humic substances were used as
a model of natural humus-containing environments. Similarly, gels are often used to simulate diffusion
processes in soft tissues. In particular, hydrogel prepared from agarose (linear polysaccharide of red
algae, made up of the repeating monomeric unit of agarobiose) was proposed as a suitable reference
medium for such experiments [194, 195]. Agarose gels (Fig. 74) provides also additional benefits such
as an easy preparation procedure (the solution, warmed up to a temperature above 60 °C, is gelled in
the whole volume by cooling to ambient temperature). Furthermore, the mechanical and textural
properties of agarose hydrogels as well as the gelation mechanism are well understood [83, 196, 197].
Therefore, a great deal of our work focused on hydrogels were associated with this particular gel
system.

Like in the previous chapter, also in this part | will first (in section 7.1) describe a unique
methodology, that we have developed for the complex and multi-scale analysis of hydrogels in order
to provide a comprehensive understanding of composition—structure—performance relationships valid
for these materials. Then, | will continue by introducing a novel concept that we proposed for the
development of novel semi-interpenetrating polymer network gels with engineered material (mainly
mechanical and transport) properties (section 7.2). Finally, | will briefly discuss also other specific
hydrogel forms that we developed and investigated considering their use in various application fields
(section 7.3). In this last section, | will also introduce one special case of hydrogel materials, in which
all three, apparently separate directions of my previous research interests (natural organic matter and
the care for improving soil quality, “physical” microbiology and biotechnology, and research and
development of hydrogels), have recently joined back in a single research topic (section 7.3.3)

Xxvil sedlacek, P., Smilek, J., Lastuvkova, M., Kalina, M., and Klucakova, M. Hydrogels: invaluable experimental
tool for demonstrating diffusion phenomena in physical chemistry laboratory courses. Journal of Materials
Education. 2017, 39, 59-90.
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Fig. 74 Agarose hydrogel as a multi-purpose medium for experimental diffusion studies.
Molecular structure of agarose (a) and the schematic illustration of the macromolecular aggregation
processes (b) which take place during the thermoreversible agarose gelatinization leading to the final
agarose hydrogel (c).

7.1 From electron beams and single photons to the naked eyes: multiscale
investigation of hydrogels

As was stressed already, there is a close interconnection between the internal structure of the
hydrogels (both chemical and morphological) and their main application-relevant properties, such as
mechanical or transport performance. We have put a great effort to gain insight into this causal
relationship, whose comprehension is crucial not only for understanding the specific material
properties of commonly used existing hydrogels but also for the engineering of novel gel materials
“tailor-made” for required properties. For this purpose, we have gradually - in the course of our
hydrogel-related research - developed a unique methodology, that combines methods of macroscopic
and microscopic analyses focusing on the three crucial aspects of the studied hydrogels: their
morphological and ultrastructural architecture, barrier and release properties, and viscoelasticity (Fig.
75).

The wide range of different laboratory setups that can be used for the investigation of diffusion
processes in gels (and for the determination of quantitative parameters that characterizes the rate of
this process, e.g. diffusion coefficients) has been already discussed in the chapter where |
demonstrated their use in our study on interactions of humic substances (5.1.1). Our experience with
the benefits of diffusion-in-gel methodology was also utilized in the plant cuticle penetration research
study (5.1.4). For a systematic use on agarose-based and other semi IPN gels that will be discussed in
the next section, we suggested two diffusion techniques that be especially convenient, it is the method
of horizontal (side-by-side) diffusion cells and non-stationary in-diffusion in cuvettes. The usefulness
of both techniques was proved in our publications on humic substances™' V'V, The experimental setup
of both techniques are illustrated in Fig. 17 (s. 5.1.1), for the non-stationary in-diffusion (from source
solution) further in Fig. 76.
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Fig. 75 Schematic representation of the developed methodology for multiscale experimental study on the relationships between internal structure,
mechanical (flow) properties, and transport or barrier properties of hydrogels under investigation.
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Fig. 76  Non-stationary (macro)diffusion experiments in agarose (and agarose-based semi-IPN
gels). (a-c) Experimental setup. Hydrogel-filled cuvettes are put in the vessel (a) and immersed with
source solution of the diffusion probe ((b)Rhodamine 6G, (c) Methylene blue). (d-f) Cuvettes with
hydrogels before (d) and after 72 hours of diffusion of R6G (e) and MB (f). Concentration of solute-
binding component (poly(styrenesulfonate), PSS) in the gels shown in (d-f) increases from 0 to 0.01
wt.% from left to right.

During the implementation of the diffusion methodology into our research of hydrogels, it kept
fascinating me how illustrative and visually perceptible the experiments are. During the experiment,
the macroscopic manifestation of the effects of morphological (e.g. crosslinking density), and chemical
or physico-chemical (binding affinity for the diffusing solute) features of the microscopic structure on
the diffusion uptake, barrier, and release properties of the gels can easily be visually monitored. Taking
together with the wide range of parameters describing these effects quantitatively, that can be
obtained by the appropriate mathematical analysis of the experimental results (described in detail in
our publications already referenced in 5.1, and further introduced in 7.2), and also with the
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undemanding experimental setup (only instrumentation widely available in a common
university/commercial lab is used), we proposed this methodology not only as an innovative
experimental tool for the soft matter research, but we have also suggested implementing this
methodology also into practical chemical education™*V!",

The uniqueness of our approach towards the material analysis of gels does not lie only in its
complexity, aiming at covering all aspects of the composition—structure—performance relationships,
but also in its multiscale nature. It means that our ambition was to monitor the mechanical, transport
and structural properties of the analyzed hydrogels not only on the macroscopic (i.e. the sample-
averaged) scale but also in the relevant microcosms of the gel architecture. Therefore, we were aiming
at complementing the macroscopic diffusion methods, presented above, by monitoring the self-
diffusion of the solute in the gels on the molecular scale. This can be provided by several methods,
whereby tracer techniques and NMR are among the most often used [198]. In our experimental
toolbox, we involved Fluorescence Correlation Spectroscopy (FCS) for the purpose. The technique
allows the determination of the self-diffusion coefficient of a homogeneously distributed molecular
fluorophore in the gel via analysis of the fluctuations in the intensity of fluorescence that the thermal
motion of the molecules induces. This “zooming in” to the molecular level of the diffusion process
brings several benefits. The analysis proceeds in a concentration-homogeneous sample (concentration
gradient of the solute is not needed), which can eliminate some concentration-dependent artifacts
(e.g. molecular aggregation or other self-interactions of the solute). Furthermore, when the influence
of molecular interactions on the diffusivity of the solute is concerned, it can be derived not only from
the value of the self-diffusion coefficient but also from the additional parameters that can be obtained
by the analysis (e.g. from the fluorescence lifetime in the case of time-resolved FCS). This was
successfully utilized for instance in our study on the diffusivity of fluorescent dyes in semi-IPN agarose
gels (will be discussed in 7.2).

As far as the mechanical behavior of the hydrogels is concerned, it is usually analyzed by standard
rheological assays, most often by oscillatory rheometry. We have utilized this conventional approach,
represented most often by strain-sweep and frequency-sweep tests, also in our analytical concept,
primarily for determining the relative contributions of solid-like and liquid-like deformational
performance of the gels and quantifying their overall rigidity on the sample-averaged (i.e. macroscopic)
scale. From the obtained results, it is possible to discuss the strength of interactions involved in the gel
network formation, cross-linking density and other information crucial for describing the internal gel
structure. Beyond this, we again focused also on the viscoelasticity of the micro-environment of the
gel pores. For this purpose, we tested several techniques of passive microrheology [199], the method
based on monitoring the thermal motion of an appropriate probe (inert microparticles with well-
defined size and shape) in the studied environment and determining the viscoelastic parameters of
this environment based on how it affects particles’ displacement behavior. Among the tested
techniques, passive microrheology assays based on DLS and FCS seemed the most promising. These
techniques interpret time-fluctuations of light-scattering and fluorescence intensities, respectively, in
terms of the thermal motion of the light scattering/emitting units. The example of qualitative
outcomes of both microrheology assays in form of mean square displacement (MSD) curves are shown
in Fig. 77. The information resulting from the microrheological analysis was found to complement the
macrorheological study reasonably, as far as it provides a detailed investigation of the liquid gel pore
environment, compared to the macroscopic deformation analysis, where the elasticity of the solid gel
network plays the principal role and the solid-like mechanical behavior of the gel predominates.
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Fig. 77  Microrheology assays used for viscoelasticity mapping in the hydrogel pores. (a) Schematic
representation of passive microrheology — the thermal movement of microparticles incorporated in the
gel structure is analyzed via monitoring fluctuations of intensity of emitted or scattered light. (b) Mean
square displacement (MSD) curve as a primary output of the passive microrheology assays.
Demonstrations of viscoelasticity of the environment on the shape of MSD curve. (c) Results of FCS
microrheology: MSD curve of 30 nm microparticles in 1 wt. % agarose gels (solid) as compared to
calculated MSD for the same particles in water (dashed). (d) Results of DLS microrheology: MSD curve
of 100 nm microparticles in 0.5 wt. % agarose gels (solid) as compared to calculated MSD for the same
particles in water (dashed).

Obviously, to interpret the mechanical, transport, or any other application-relevant aspect of the
hydrogel behavior, it is absolutely essential to be capable of analyzing and describing the internal
morphology and ultrastructure of the studied systems. Therefore, a great deal of our attention was
paid to the selection and optimization of methods of structural analysis of the gels. With respect to
our multiscale concept of hydrogel investigation, also in this case we aimed at combining some simple
and widely available experimental tools for the indirect sample-averaged structural analysis, and
advanced methods capable of direct ultrastructural imaging of the hydrogel architecture. As was
successfully demonstrated in our study on semi-IPN gels (see the following section), turbidity
measurements provided by ordinary spectrophotometry and oscillatory rheometry were found
appropriate for determining the average mesh sizes of the gel network (see Fig. 78). In the turbidimetry
assay, the average structural parameters are calculated from the shape of the light-scattering
spectrum. In particular, the wavelength exponent (determined as a slope of the log-log plot of turbidity
vs. wavelength) is known to be dependent on the mesh size of the scattering element (for a detail
description on the technique, see e.g. [200]). Similarly, from the basic viscoelastic parameters of the
gels (elastic and viscous moduli), determined by oscillatory rheometry, the average density of
crosslinks and average mesh size of the gel can be calculated elastic by a simple fitting procedure based
on a generalized Maxwell model [201] using the procedure described by Pescolido et al. [202]. These
methods were successfully applied in our study on agarose-based semi-IPN gels (data shown in Fig.
78).
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Fig. 78 Indirect determination of pore size of the agarose hydrogels from oscillatory rheometry
(a,c) and turbidimetry (b,d). Original data was obtained by the technique (a, b), and calculated mesh
sizes were calculated from these data (c,d) as a function of agarose concentration in the gel. Data
published in*,

Surprisingly for us, finding an appropriate method for imaging the internal structure of the gel in a
native, non-altered form, proved to be a much more challenging task than originally expected. The
basic setup of scanning electron microscopy (mainly the high vacuum maintained during the sample
analysis) makes this technique inapplicable for the gels in their original, water-swollen form. In
cooperation with the group from the Institute of Scientific Instruments, Czech Academy of Sciences,
we hence launched a research project focused on the optimization of SEM technique in order to obtain
more relevant visualization of the gel ultrastructure. The first approach used for this purpose was
based on freeze-drying of the gels followed by a standard SEM imaging of the dried sample. It is well
described that the free-drying of the gels leads to a collapse of the original structure and is not
applicable in the analysis of the native structure of the original hydrogels [203]. Freeze-drying is useful
in preventing structural collapse, nevertheless, even in this drying technique, both involved
experimental steps (freezing and solid water sublimation) may affect the structure of the resulting
material significantly. In Fig.79a, it can be seen how the slow freezing of the agarose gels in a standard
laboratory refrigerator destroys the inherent microporous structure of the hydrogel as a result of ice
crystal growth. This is a common experimental artifact that limits the hydrogel structure analysis in the
freeze-dried form. Nevertheless, we have tested various techniques of gel freezing and experienced
that a kind of shock freezing (provided for instance by immersion of the sample in liquid nitrogen) helps
to maintain the microporous structure of the gel after freeze-drying to a large extent, enabling much
more reliable visualization of its internal structure in the dried by standard SEM imaging (Fig. 79b).
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Fig. 79 Micrographs of the internal structure of agarose hydrogels (agarose content 2 wt.%)
obtained from various imaging techniques. (a) SEM image (ZEISS EVO LS 10) of the agarose gel freeze-
dried (VirTis BenchTop K) after freezing in a standard laboratory refrigerator. (b) SEM image of the
same gel freeze-dried after shock freezing provided by immersing the sample in liquid nitrogen. (c) cryo-
SEM image (SEM Magellan 400L) of the same gel plunge-frozen and freeze-fractured before the
analysis (EM ACE600 preparation chamber). (d) AFM image (toolbox for gel-structure analysis. The
great advantage of this technique is that it allows structural) of the same gel submerged in water.

Cryogenic SEM (cryo-SEM) was tested as another way how to monitor the internal morphology of
the gels. We have performed a detailed methodological study that involved testing two different
techniques of gel freezing (plunge-freezing, high-pressure freezing) and assessing and interpreting the
experimental artifacts found in the structure®™**, As can be seen in Fig. 79¢, using the optimized
experimental protocols, cryo-SEM imaging enables lucid visualization of the internal gel microstructure
lacking the structural artifacts typical for the electron microscopy analyses performed on the dried gel
samples. As will be shown right away, we have demonstrated that this technique enables qualitative
monitoring of the morphology differences among the various gels (e.g. agarose- based gels) as well as
determinations of the various parameters that can illustrate these structural differences
guantitatively. Most recently, we have included atomic force microscopy (AFM) in our toolbox for gel-
structure analysis.

XXX Adamkova, K., Trudicova, M., Hrubanova, K., Sedlacek, P., and Krzyzanek, V. An appropriate method for
assessing hydrogel pore sizes by cryo-SEM, 2019. Paper presented at the NANOCON 2018 — Conference
Proceedings, 415-420.
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Fig. 80 Determination of pore size of the agarose hydrogels via analysis of cryoSEM images using
two image processing tools implemented in ImagelJ (Skeleton analysis and Particle analysis).
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The great advantage of this technique is that it allows structural analysis of the swollen sample at
ambient temperature and even under submersion with water (to prevent drying of the gel surface
during the analysis). As can be seen in Fig. 79d, the preliminary results show good qualitative
agreement between gel structure imaging by AFM and cryo-SEM. Further optimization of the AFM
technique for various types of hydrogel samples is currently in progress.

As already mentioned, the micrographs obtained from the morphological assays of the studied gels
provide not only the qualitative illustration of the internal gel structure but allow one also to determine
some quantitative parameters that can be used for instance in comparing/correlating them with
indirect structural (such as those determined by turbidimetry or rheology) or other material (material,
transport) characteristics. For instance, Fig. 80 shows two ways of processing and analyzing the cryo-
SEM images of agarose gels in the Image) software toolbox. First, Particle analysis tool (an automatic
particle segmentation algorithm implemented in Imagel) can be used to identify individual pores of
the gel network (see the pore outlines in the second column in Fig. 80). As a numerical result of this
analysis, every pore which is detected in the structure is described by its area and perimeter, the
distribution of pore areas and perimeters is hence obtained and processed into statistical parameters,
e.g. average or mean values. Another image processing technique, applicable in the morphological
analysis of porous materials, is represented by Skeleton analysis. In this technique, the network
structure displayed in the analyzed image is skeletonized, i.e. replaced by the line skeleton using a
topology maintaining medial axis thinning algorithm (skeletonized representations of the analyzed
images are shown in the third column in Figure 80). Using the Skeleton analysis tool, branches and
junctions of such a skeleton are then classified, counted, and measured. As an example of a
guantitative parameter, useful in the description of the porosity of the analyzed structure, average
branch length is provided among the results of the Skeleton analysis.

A comparison of the quantitative results of the two image analysis approaches is shown in Fig. 81.
For both methods, the average value of a linear parameter that represents the pore size is provided as
a function of the concentration of agarose in the gel. In the case of Particle analysis, the average size
of the pore was calculated from the average pore area (using the simplifying assumption of the circular
cross-section of the pores); from the Skeleton analysis, the average branch length was used for the
same purpose. It can be seen that the results of both methods are in good agreement and their trend
with the agarose content in the gel corresponds well with those determined by the indirect structural
assays (Fig. 78).

In this section, | have introduced the original methodological approach that we have involved in our
fundamental research studies dealing with hydrogels. In the following one, | will demonstrate the
specific benefits of this approach in the particular example of our investigation of semi-interpenetrated
polymer network gels.

Fig. 81 Results of structural analysis of agarose gels provided by processing cryoSEM images using
Particle analysis (a) and Skeleton analysis (b) in ImageJ.
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7.2 Semi-Interpenetrating Polymer Networks: Controlling structure and
interactions independently

In the introduction to chapter 7, | have discussed many beneficial properties that make hydrogel
matrix so attractive for modern “bio” applications. Nevertheless, concerning the utilization of
hydrogels in the specific field of controlled release systems, there are still some limitations and risks
to be considered regarding the use of hydrogels. In this section, | will for now skip the limited ability of
hydrogels to solubilize hydrophobic active solutes (which will be addressed in 7.3.2). Nevertheless,
even when concerning hydrogels as carriers of hydrophilic substances (that are in general well
compatible with the water-swollen hydrogel environment), there are some specific issues and
demands of this application field that needs to be considered. Primarily, finding an appropriate balance
between mechanical and solute-binding performance is crucial for providing the required release
kinetics of a gel carrier. For example, the mechanical properties of the gel carrier must be capable of
withstanding deformations associated with its application and delivery in the organism to prevent
premature disintegration of the gel carrier and instantaneous release of the active substance. As far
as the absorption and release of the active solute are concerned, the number of specific problems of
the gel matrix increases further. Drug loading capacity, as a complex product of multiple influences
(drug solubility in water, its partition between gel and solution, or its effect on the stability of the gel
network junctions) is usually limited even in the case of hydrophilic active substances. Furthermore,
the high water content and highly porous nature predetermine hydrogels for a rather rapid drug
release on a time scale of hours to days, making them barely competing for the long-term release
profiles of other delivery systems such as microspheres.

Until now, a range of strategies has been proposed to improve the partition of the active substance
in the gel and to retard its release from the hydrogel carrier. These strategies usually aim at supporting
the binding (either chemical or physical) between the drug and the polymer network. We have recently
put forward an alternative strategy, which aims to address both critical issues of the hydrogel drug
carriers—i.e. its mechanical and transport properties - independently of each other. The concept found
its inspiration in our previous works on the solute-binding properties of humic substances, where we
immobilized the dissolved humics in the supporting agarose gels (section 5.1.1). We have realized in
this study, how specifically the relative contents of the inert gel-forming component (agarose) and the
reactive substance (humic acids), contribute to the various aspects of the gel behavior.

Fig. 82 Proposed strategy of tailoring performance and properties of semi-IPN hydrogels. An inert
gel-forming polymer network is interpenetrated by a linear polymer component with the properly
selected binding functionality. Mechanical and transport performance of the material is adjusted
independently via manipulating the relative content of the two structural components.
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The concept that we have proposed (it is represented schematically in Fig. 82) is based on semi-
interpenetrating polymer networks (semi-IPNs) which, together with the interpenetrating polymer
networks (IPNs) represent a novel and especially promising class of polymer blends. IPNs are defined
by the International Union of Pure and Applied Chemistry (IUPAC) as “A polymer comprising two or
more networks which are at least partially interlaced on a molecular scale but not covalently bonded
to each other and cannot be separated unless chemical bonds are broken.” [204]. Semi-IPNs differ
from IPNs in the fact that the chains of the second polymer are dispersed in the network formed by
the first polymer without forming a separate network. We have suggested that semi-IPN hydrogels
may be easily designed to provide independent control and adjustment of gel ultrastructure and all
the associated properties (e.g. viscoelasticity) on the one side, and the binding ability and consequent
barrier/release performance on the other. For this purpose, the semi-IPN hydrogels comprise in its
dual network a “structure—ruling” gel-forming component which is interpenetrated by a “binding”
polymer chains. The gel-forming component is physico-chemically inert — i.e. possesses a negligible
binding affinity to the active substance. Its main task is to ensure a reproducible and controllable
gelation process, providing gel architecture with adjustable parameters such as cross-linking density
and average pore size, without interfering significantly with the kinetics of absorption and/or release
of the active substance. On the other hand, the “binding” component, because of its significantly lower
relative content, does not affect the internal morphology of the gel, but significantly improves its
binding properties. Such a system hence offers an independent dual-tuning of mechanical and
transport performance via manipulating the relative content of the two structural components.

We have performed a systematic case study of the proposed strategy on agarose-based semi-IPN
gels. We have tested the incorporation of various interpenetrating components (poly-
(styrenesulfonate) (PSS), alginate (ALG), hyaluronic acid, chitosan, quaternized dextran, etc.) in the
supporting agarose matrix, and investigated the transport properties of diverse model solutes (cationic
or anionic organic molecules) in the resulting semi-IPN hydrogels. To analyze all aspects of the material
behavior of the gels, we applied the original multiscale analytical approach introduced in the previous
section. The most important results were summarized in the comprehensive publication®. The
conclusions of this study strongly supported the validity of the proposed concept. In particular, it was
found that the viscoelastic behavior of the gels (represented e.g. by the value of complex modulus)
can be adjusted in a wide range by the gelling component (agarose) with the negligible effect of the
interpenetrating component (results shown for PSS and ALG). On the other hand, the content of PSS
as low as 0.01 wt.% of the gel (it means about 100x lower compared to agarose) resulted in a more
than the 10-fold decrease of diffusivity in model-charged organic solute (Rhodamine 6G).

The pilot study summarized in the publication®, confirmed the great application potential of the
proposed concept in the development of controlled-release hydrogel systems. Furthermore, it also
demonstrated that the original analytical approach designed by us and applied in this study can be
used as a valuable methodological framework providing complex insights into the composition—
structure—performance relationships in hydrogel materials. Another indisputable advantage of the
proposed concept is that it imposes no special requirements on the gelation procedure — various
common gelling polymers can apparently be used as a gel-forming component. To make sure of this,
we have recently performed some follow-up studies, where we confirmed the applicability of the
concept on the poly(vinylalcohol) (PVA) gels (see Fig. 83), and most recently also on the
poly(hydroxyethyl methacrylate) (PHEMA) gels™*.

XL Trudicova, M., Smilek, J., Kalina, M., Smilkova, M., Adamkova, K., Hrubanova, K., Krzyzanek, V., and
Sedlacek, P. Multiscale Experimental Evaluation of Agarose-Based Semi-Interpenetrating Polymer Network
Hydrogels as Materials with Tunable Rheological and Transport Performance. Polymers. 2020, 12, 2561. Attached
as Appendix 23.

XU Trudicova, M., Papezikova, H., Sedlacek, P., and Pekar, M. Tailoring the internal microstructure of the
hydrogels based on poly-HEMA targeted for drug delivery systems, 2021. Paper presented at the NANOCON 2021
— Conference Proceedings, 280-285.
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Fig. 83 PVA-based semi-IPN hydrogels with tailored structure and binding properties.
Interpenetration of PSS into chemically (with borax, (a, b)) and physically (by cyclic freezing-thawing,
(c,d)) cross-linked PVA gels alters the rate of diffusion of Rhodamine 6G (a, b) and Methylene blue (c,d)
as determined by the diffusion-couple experiment (a,c). In (b) and (d), the relative weight content of
PSS in the PVA gels decrease from left to right as follows: 0.1 wt.% (only in (b)), 0,01 wt.%, 0,005 wt.%,
0,002 wt.% and 0 wt.%.

7.3 Hydrogels: Multipurpose materials with versatile applications

As emphasized repeatedly throughout this text, in all my research interests | have always tried to
combine the quest for fundamental knowledge with the rational transfer of the gained knowledge as
close to real applications as possible. This is doubly true for the hydrogels, that intertwine throughout
my scientific career, across actually all the research projects | have been involved in. In the previous
section, | have demonstrated how we utilized the experience gained during the development of the
diffusion-in-gel methodology for the reactivity mapping studies on natural compounds in the design of
novel hydrogel materials for drug delivery. In this chapter, | will follow with a brief introduction of
other types of hydrogel materials, that we designed and investigated according to the specific
requirements of various applications.

7.3.1 Novel multi-purpose hydrosorbents for agricultural uses

In 5.1.5, | have already described some types of hydrogel forms of humic acids (HA) that we have
proposed for use in agriculture and health-care. | have intentionally left apart from one specific type
of gels that we have paid special attention to — HA-containing superabsorbent composite hydrogels.
These are novel multifunctional materials that we have suggested for agricultural and environmental
applications. These hydrogels are based on conventional superabsorbent polymers (SAPs) —
polyelectrolyte networks formed of chemically cross-linked polyacrylate or poly(acrylate-co-
acrylamide) —that are, because of their exceptional water absorption and retention capacity, currently
utilized in sanitary and hygiene supplies, but increasingly also in agriculture, where they are used
primarily to enhance water retention capacity of low-quality soils. We have adapted the conventional
polymerization procedure to incorporate into the structure of these SAPs also the humic component
(commercial lignohumate) and inorganic nutrient component (NPK inorganic fertilizer). The final
materials hence provide not only the great water swelling capacity (see Fig. 84), but also
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Fig. 84 Superabsorbent polymer (SAP) material based on polyacrylate chains grafted on humic substances. Polymerized SAP as-prepared (a) and in the
dried form (b). Monitoring the swelling of the SAP in deionized water (c).
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the capability of controlled release of the plant growth-promoting humic component as well as the
inorganic nutrients.

We have tested various combinations of SAP composition (with/without acrylamide), and contents
of Lignohumate and NPK, respectively. Potassium peroxydisulfate was used as the initiator and N,N—
methylenebisacrylamide as the crossing agent during the SAP preparation. We have performed a
comprehensive study on how the composition of the material affects its structure in the dry form,
swelling behavior in various aqueous environments, and mechanical properties in the swollen form
(i.e. viscoelasticity of the formed hydrogel). Furthermore, to support their suggested application as
novel controlled-release fertilizers, we have tested also the release of the active components as well
as the biological activity of the gels (influence of the addition of SAPs on corn growth was studied in
pot experiments). Among others, we have confirmed experimentally that the swelling of the SAPs was
fast (completed always in 24 hours) and the final water absorbency of all samples was in the range 100
— 300 g/g, whereby the presence of Lighohumate had a positive effect on the swelling, contrarily to
NPK that reduced the water absorbency. As expected the swelling ratio of the gel was conversely
proportional to the strength and rigidity of the swollen gels. Similarly, the swelling also influenced the
release of nutrients from superabsorbents. The release of mineral nutrients was ruled primarily by
their contents in different samples. Although the presence of Lignohumate had a negligible influence
on the release of P and N, it increased the amount of released K. On the other hand, the release of the
humic component was partially suppressed by the higher content of NPK. We have also evidence that
the application of composite SAPs supported water retention of soils and the growth of corn. Better
water management and a gradual supply of nutrients enhanced both height of plants and the length
of roots. The most important results of this study were published*".

Obviously, the developed composite hydrogel materials represent the state-of-the-art controlled
release systems for modern sustainable agriculture. It combines multiple functions — water
management in soils, the release of the bio-stimulating humic component as well as inorganic nutrient
elements, whose kinetics can be tailored by the composition of the material. We suggest the use of
these materials mainly in problematic areas with dry soils and low levels of organic matter and nutrient
elements.

7.3.2 Hydrogels based on electrostatically cross-linked polyelectrolytes

In our research group focused on the investigation of biocolloids, a great deal of work has been
concentrated on (bio)polyelectrolytes. | have already discussed how we utilized the binding potential
of polyions in our concept of hybrid semi-IPN gels. Obviously, the tendency to undergo electrostatic
attraction with oppositely charged compounds can be employed also within the development of
strategies for gelation of these polymers. Consequently, the polyelectrolyte complexes (PECs) —i.e. the
associates formed by electrostatic interaction between oppositely charged macromolecules — became
a hot topic in the production of modern soft-matter preparation for various applications [205-207]. As
far as the strength and density of linkages between the constituent polymers are ruled by the
dissociation of their functional groups, the formation, and properties of PECs can be easily manipulated
by parameters such as pH or ionic strength. This variability in quality and quantity of cross-linking is
especially attractive in the development of hydrogels with adjustable application-relevant properties.

| have already described in 5.1.5 the PEC hydrogels based on the combination of humic acids and
chitosan that we investigated regarding their potential agricultural and/or environmental uses. Apart
from that, | participated also in another project that was focused on the different types of PEC-based
hydrogels intended for use in drug-delivery systems. The original idea of these materials was first
published by Venerova and Pekaf [208] and is based on a combination of polyelectrolyte and

XU Kratochvilova, R., Sedlacek, P., Porizka, J., and Klucakova, M. Composite materials for controlled release of
mineral nutrients and humic substances for agricultural application. Soil Use and Management. 2021, 37, 460—
467. Attached as Appendix 24.
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oppositely charged surfactant in micellar form (see Fig. 85b). Main benefit of this gelation strategy lies
in the involvement of hydrophobic nanodomains in the inherently hydrophilic structure of hydrogels.
This breaks one of the greatest barriers regarding the use of hydrogels in drug delivery — it expands
the range of active compounds that can be solubilized in the gel structure from strictly polar and water-
soluble also to non-polar and hydrophobic ones. The project hence focused on the preparation of
hydrogels from various combinations of polyelectrolytes (cationized DEAE dextran, anionic
hyaluronan), surfactants (anionic sodium dodecyl sulfate (SDS) and sodium tetradecyl sulfate (STS),
cationic Septonex and Cetyltrimethylammonium bromide (CTAB)) and comprehensive characterization
of the gel materials including their composition, morphology, rheology, and of course their
solubilization and release performance. | have joined this project mainly to provide methodological
support for the investigation of the type and extent the hydration that occurs in the structure of these
gels.

Fig. 85 Schematic representation of the electrostatically cross-linked hydrogels under
investigation: a) Polyelectrolyte complexes. b) Surfactant-polyelectrolyte hydrogels. Examples of the
developed hydrogels: c) Humic acids complexed with chitosan. d) DEAE-SDS hydrogels.

For this purpose, we have designed and optimized a method based on the combination of ATR-FTIR
spectroscopy and thermogravimetry. This combination proved valuable both for the qualitative (FTIR)
and quantitative (TGA) description of the drying process. Using the time-resolved FTIR spectroscopy,
details on the structural changes, underwent by water in the gel structure during the drying process,
can be derived particularly from the broadband located around 3350 cm™ that corresponds to the O—
H stretching of water molecules. Based on the time dependence of the absorbance signal in this
spectral region, we have observed that drying of the polyelectrolyte-surfactant gels is not a continuous
process but it rather proceeds in several distinct steps. For a deeper structural analysis of the nature
of these drying steps, we performed deconvolution of the broad stretching band and identified several
subpopulations of water molecules that correspond to water with different types and strengths of
hydrogen bonding. The quantitative analysis provided by (isothermal) TGA utilized the experience we
gained when using this method for the determination of different forms of water in samples of
bacterial cells (6.1.3). Changes in drying rate were hence monitored as the function of residual water
content to determine the contents of water with different strengths of binding in the gel structure. We
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have published the results of the study where we applied this methodology on four different hydrogels
prepared from cationized dextran and two anionic surfactants®". We have revealed significant
differences between the dehydration processes among the analyzed gels, in particular, water
molecules in the hydrogels containing a higher concentration of surfactants demonstrated a more
ordered hydrogen network. We have hence demonstrated in this study that the proposed
experimental approach represents another valuable contribution to the methodology that we have
developed for the complex analysis of hydrogels (7.1).

Recently, | have followed the concept of polyelectrolyte-surfactant hydrogels with a preliminary
study focused on the possibility of replacing synthetic tensides with biosurfactants. These are the
compounds of microbial origin that are biosynthesized mainly to provide the capability of emulsifying
hydrophobic molecules and increase their availability for microbial utilization. In the concept of PEC
hydrogels, the main advantage of their employment would be found in improving the ecotoxicology of
the material, and in the enhancement of its biocompatibility and biodegradability. Preliminary results
of this pilot study support the hypothesis that the electrostatic gelation of polyelectrolytes may be
provided also by the biosurfactants. In Fig. 86, the example of hydrogel materials prepared via gelation
of chitosan by addition of rhamnolipids. It can be seen that the primary requirement on the gels —i.e.
the combined solubilizing capacity for polar and non-polar active ingredients — was successfully
fulfilled. This pilot study hence opened the door for further research and development in the area of
polyelectrolyte-surfactant hydrogels. | have found this topic especially attractive not only because it,
once again, interlinked two areas of my scientific interest, i.e. hydrogel research and microbial
biotechnology. Apart from that, | believe that the incorporation of surfactants of natural origin could
significantly enhance the relevance of this type of PEC hydrogel materials regarding their use in drug
delivery and other fields of cosmetics and healthcare applications.

Fig. 86  Hydrogels prepared via cross-linking of chitosan by rhamnolipids. (a,b) Hydrogel beads are
prepared by dropwise addition of acidic chitosan into the aqueous solution of rhamnolipids. (c) The
ability of the chitosan-rhamnolipid gels (l.) to solubilize hydrophobic compounds as demonstrated for
non-polar dyes Sudan black (Il.) and Sudan red (/l1.).

XU Enev, V., Sedlaek, P., Jardbkovd, S., Velcer, T., and Pekaf, M. ATR-FTIR spectroscopy and
thermogravimetry characterization of water in polyelectrolyte-surfactant hydrogels. Colloids and Surfaces A:
Physicochemical and Engineering Aspects. 2019, 575, 1-9. Attached as Appendix 25.
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7.3.3 Encapsulation of microbes in hydrogels

As it is quite obvious from the previous text, the wide range of topics to which | found the concept
of biophysical chemistry useful and contributive, took me to various, apparently distinct, areas of
research interest. Nevertheless, recently | found one special topic where the distinct routes of my
previous scientific career began to reconnect. It is the topic of the research and development of bio-
inoculants — the carriers of microbial cells intended for agricultural and environmental uses.

As emphasized already in Chapter 3, improving the quality of arable soils represents nowadays one
of the most urgent needs among all research fields covered by life-sciences. In this text, | have already
paid great attention to the quality of soils regarding their chemistry — i.e. from the point of view
concerning the quality and content of humus there. Nevertheless, the same emphasis should be put
also on soil biology, or more specifically, microbiology. Currently, the development of biological agents
based on plant growth-promoting (rhizo)bacteria (PGPR) for the restoration of soil fertility represents
a hot topic in modern agricultural technologies. In general, PGPR affects plants or crops directly
(biofertilization, rhizoremediation, stimulation of root growth, and plant stress control) or indirectly
by reducing the impact of diseases. The mechanisms of plant growth-promoting effects of PGBR are
summarized in Fig. 87 and described in detail elsewhere [209-211].

Generally, the primary role of the formulation of an inoculant is to form a stable micro-environment
that provides the microbial strain(s) with physical and/or chemical protection over a prolonged period,
in order to avoid a rapid decrease of the cells’ viability during storage and after being introduced into
the soil [212]. The bioinoculant formulation design is hence aimed at providing a reliable source of
living cells available to interact with plants and soil microbiome. Especially the liquid formulations
often fail in this requirement because of their short shelf-life (2-3 months) and insufficient protection
of the microbial cells after introduction to the soils. A longer shelf-life is provided by solid bio-
inoculants. Nevertheless, the state-of-the-art formulations in the bioinoculants’ production with
respect to the effectiveness of cell entrapment and protection and the reproducibility of the
preparation process are represented by the formulations based on the hydrogel carriers.
Encapsulation of PGPR cells in hydrogels formed from cross-linked polysaccharides such as alginate
and carrageenan has been proposed a long time ago as a technique to ensure the controlled release
of plant beneficial microorganisms into the soil [213]. In general, the gel matrix assures mainly physical
protection of the cells against various environmental stress factors, nevertheless, there are also strong
shreds of evidence that polysaccharides play an important specific role in the mechanisms of abiotic
stress protection of microorganisms [214]. However, as far as the agro-industrial technologies have
the principal requirement of low cost, the task to find the appropriate technologically feasible and
economically competitive PGPR encapsulation technique is still challenging [215].

Currently, the vast majority of hydrogel inoculant formulations use alginate as the gel-forming
polymer. Alginate represents the family of linear polyanionic polysaccharides made up of L-glucuronic
acid (G) and D-mannuronic acid (M). Alginate possesses numerous properties that make it the
candidate-of-choice for the production of various gel carriers and controlled release systems: it is non-
toxic, biocompatible, non-immunogenic, biodegradable, mucoadhesive, readily available, and has a
relatively low cost. lonic gelation is the most common method used to obtain alginate-based gels. In
this process, alginate is cross-linked in aqueous solutions via chelating the Ca?* (or other multivalent
cation) by pendant carboxylic acid moieties of G units, generating 3D hydrogel networks that allow
entrapment of other components dispersed in the aqueous solution (such as cells, dissolved bioactive
compounds etc.). Currently, alginate is usually extracted from brown seaweeds, however, since only a
few of the many species of brown algae are suitable and are limited in abundance and location for
commercial alginate production, there is at present interest in the bacterial production of alginate-like
polymers. Bacterial producers also provide alginate of defined monomer composition to gain
determined properties instead of alginate isolated from seaweed, which in general suffers from
heterogeneity in composition and quality [216].
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Fig. 87 Schematic representation of the recent trends in the development of bioinoculants (from
the 1st gen. liquid formulations to the state-of-the-art hydrogel carriers) together with the original
strategy proposed and tested in the project (overview of the positive effects of PGPB on plants was
adopted from Ferreira et al. [209].

We have recently proposed a novel strategy for the preparation of PGPR-based biofertilizers. It is
based on the entrapment of the bacterial cells in the hydrogel formed from alginate, which is produced
directly by the PGPR bacteria (the concept is schematically described in Fig. 87). For this purpose, we
have employed PGPR which belongs to the genus Azotobacter. The members of this genus are gram-
negative nitrogen-fixing non-pathogenic bacteria. Probably the best-studied representative,
Azotobacter vinelandii, is known to produce numerous low-molecular compounds providing
stimulating effects on plants, such as indolacetic acid, gibberellins and cytokinins. Even more,
interestingly, A. vinelandii has been recognized as an efficient producer both of extracellular alginate
and intracellular PHA. It was exactly this combination of alginate and PHA production capability that
attracted our attention. While the alginate biosynthesis induced a possibility to overcome one of the
crucial technological and economic demands of the conventional gel inoculant production —i.e. the
necessity to add an external gel-forming component, PHA accumulation carried a promise of enhanced
stress robustness of the bacterial cells (as discussed thoroughly in 6.2), and, consequently, improved
survival of the cells when applied in form of a bio-inoculant to a soil. Surprisingly, the combination of
plant-growth-promoting effects and high production yields of alginate provided by the single
bacterium has not attracted yet any attention in the design of bio-inoculants although it offers a
significant simplification and streamlining of the process of their preparation. The fact that the gel-
forming biopolymer is produced by plant-growth-promoting bacteria themselves is a crucial
distinguishing sign and the most innovative feature of the proposed strategy that gives a great
potential to simplify the preparation procedure and reduce the costs of the intended PGPR application.
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Fig. 88 PGPR containing hydrogel bio-inoculants prepared by the original self-entrapment
strategy. (a) Hydrogel bead prepared by dropping PGPR culture into Ca* solution. (b) Hydrogel
prepared by in-situ ionotropic gelation induced by the evolvement of Ca?* ions from insoluble form
(CaC0s) directly in the cultivation medium. (c) TEM image of the hydrogel showing the alginate matrix
(1) and the entrapped cells with high content of PHA granules (2).

In the preliminary experiments, we have already proved the validity of the proposed strategy. As
can be seen in Fig. 88, we are now capable of preparing PGPR cultures, that can be easily transferred
to hydrogel form simply by the addition of calcium ions. We have also successfully induced in-situ
ionotropic gelation in the cultivation medium via spontaneous evolvement of the calcium ions from an
originally insoluble form. Currently, we are performing an in-depth optimization study on all the
essential steps involved in the proposed technological process. The optimization of the cultivation
properties has already provided a functional balance between the yield and quality of alginate and
accumulated PHA content. Now we are focusing on optimization of the subsequent steps of the bio-
inoculant production process — gelation and drying as well as a pilot evaluation of the biological activity
of prepared bio-inoculants. Hereby, we wish to collect essential fundamental knowledge on the causal
relationship between preparation procedure, structure and crucial properties of the hydrogel-
entrapped bio-inoculants based on this original strategy. Furthermore, based on our experience with
the bio-stimulating effects of humic substances, we also intend to incorporate these compounds as an
additional component of the developed hydrogel bio-inoculant preparations.
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Afterword

The main aim of this habilitation thesis was to introduce biophysical chemistry as the modern
interdisciplinary scientific discipline that can offer fresh, unconventional conceptual perspectives on —
but also powerful methodological apparatus for — answering miscellaneous research questions from
the field of life sciences. Apart from the brief summarization of some historical moments that, in my
opinion, helped to form the current state of the discipline, and besides emphasizing some crucial
challenges that it nowadays faces, | tried to illustrate how a wide range of research interests can be
covered under the wings of this discipline in a single scientific curriculum. | leave it up to the reader
to assess how well the goal has been achieved by this text.

A friend of mine told me that, when working on his habilitation, he was feeling like writing memoirs.
| was experiencing a kind of similar feeling when writing this thesis. Nevertheless, together with all the
memories, even a stronger feeling came to my mind - gratitude. Gratitude to all who have helped me
throughout my previous scientific career. My scientific supervisors, bosses, colleagues, and — last but
not least — students. They all played an irreplaceable role in providing me with their experiences,
knowledge, open-mindedness, inspiration, diligence, and enthusiasm. And, of course, my family, who
showed boundless tolerance when scarifying the time spend with me for letting me do what | love. In
spite of my name on the cover, this thesis is a collective work of all of these people.
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Diffusion measurements seem to provide a valuable approach to mapping studies on heavy
metal transport in systems containing humic substances. The paper deals with the diffusion
of cupric ions in a humic hydrogel. The diffusion coefficients of Cu?* in this medium were
determined using in-diffusion from the constant source, diffusion couple and instantaneous
planar source. The applicability of the experimental arrangements and mathematical de-
scription of metal ion transport are discussed in terms of the influence of complexation of
cu?* with humic acids. All determined diffusion coefficients of Cu?* in humic gel were
lower but of the same order of magnitude compared with that obtained in water.
Keywords: Diffusion; Heavy metals; Humic acids; Immobilization; Hydrogels; Copper trans-
port.

Because of their complex nature, humic substances face an identification
dilemma. A part of scientific community (mainly environmental scientists)
recognizes humic acids (HA) as a component of natural organic matter
(NOM) that plays a key role in such issues as global warming, carbon cycle
in the nature or self-detoxification of soils and sediments, while the others
consider this material one of the greatest sources of organic carbon for in-
dustry. Industrial applications of humic substances are encouraged by rich
alternative natural sources — peat, young coal etc. — from which they can be
obtained by simple and cheap methods of extraction and purification?.
Humics are also chemically reactive. They contain a wide range of function-
alities that could change when structural modifications are made to acquire
desired properties?.

Due to a diffuse nature and diverse functionalities of humic substances,
fundamental knowledge regarding their chemistry and properties is still
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missing. These substances are not well understood with regard to exact
structure; it is hence necessary to develop an appropriate methodology in
order to compare applicable properties of humic substances from different
sources and to confront them with other materials (e.g. synthetic polymers
and biopolymers). Therefore, systematic reactivity and biological activity
mapping studies are needed.

Humic acids provide the outstanding ability to sorb common groups of
pollutants such as metallic cations. Many works focused on sorption of dif-
ferent toxic chemicals on solid humic acid and/or humic sols®° have been
published. But it is also well known that the sorption ability depends
strongly on the mobility and the transport of adsorbed ions (or molecules)
into humic particles. Involvement of diffusion transport of a sorbate in a
specific form of humic material is therefore necessary for modeling sorption
on HA in their natural environments. It is necessary to study and under-
stand both complex behavior of this natural system and the role of its con-
stituents. Published studies of diffusion in humic systems are relatively
scarce. Wang et al.10 investigated the effect of HA on Eu®* diffusion in com-
pacted bentonite. They found that HA hinder the Eu3* diffusion and migra-
tion because of a formation of Eu-HA complexes which precipitate at the
surface of compacted bentonite. Consequently, only a small part of Eu
exists as a free ion in the humics-containing system. Wold and Eriksenl!
carried out similar experiments with diffusion of Eu®*, Co?* and humic
colloids through compacted bentonite. Humic colloids diffused through
the bentonite regardless its compaction. The apparent diffusivities of both
metals increased significantly in the presence of humic colloids. Chang
et al.’?2 investigated the sorption kinetics of volatile organic compounds in
dry, pressed humic acid disks by tracking the weight change of the sorbent
with a microbalance. Kinetics of sorption and desorption are successfully
described by a diffusion model.

Masaro et al.1® present a detailed overview of diffusion in polymer solu-
tions, gels and solids. Various theoretical descriptions of the diffusion pro-
cesses are proposed. The theoretical models are based on different physical
concepts such as obstruction effects, free volume effects and hydrodynamic
interactions. References therein illustrate an applicability of these models
in treatment of diffusion data for various systems.

Our previous results confirmed that kinetics of metal-humic interactions
are generally dependent on the colloidal state of HA15 In natural state,
HA are usually found in wet environments (water sediments, peat etc.) in
swollen form, hence recent contributions focus on the study of HA in the
hydrogel form!%16, Besides good simulation of natural humic environment,
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the gel form of HA provides some additional benefits. The most valuable
one is preparation of HA with defined size and shape, which is necessary
for the evaluation of transport parameters by means of a mathematical
model. Besides, the gel form of HA can be considered as a system which al-
lows fixation of humic material while enabling interactions in its bulk.
Consequently, not only these physicochemical interactions but also trans-
port within the humic matrix can be studied. Humic hydrogels can also be
prepared in a simple and cheap way using a method of controlled coagula-
tion®.

The diffusion studies on humics could be utilized in easy characterization
of the material. Parameters such as effective diffusion coefficients of com-
mon pollutants in hydrogel forms of humic acids can be used in discussing
the quality of humic substances of different origin in comparison with
other synthetic or natural materials regarding desired applications. Deter-
mination of diffusion coefficient of various substances in polymer gels is
taken as a topic for numerous works’-2°. Seki and Suzuki'’ prepared com-
posite adsorbents containing humic acids entrapped in an alginate gel and
carried out a kinetic study of lead adsorption on this gel. The shrinking
core model was used to determine apparent lead diffusion coefficients in
the gels. Scally et al.'® derived diffusion coefficients of metal ions and
metal-ligand complexes in polyacrylamide hydrogels at different ionic
strengths using a diffusion cell. Effects of humic and fulvic acids as ligands
were also studied.

Although the accurate measurement of diffusion coefficients usually
needs expensive and sophisticated equipment, e.g. nuclear methods such as
NMR, Rutherford backscattering spectrometry (RBS) or elastic recoil detec-
tion analysis (ERDA), simple laboratory techniques exist for determination
with standard error below 10%'°. In general, measurement in diffusion cells
is the method used most frequently in gel?°-25. Besides, several other simple
methods for determination of diffusivity in solids and gels have been devel-
oped, such as a method of instantaneous planar source?®2? which differs
from others by the fact that diffusion coefficient is calculated from a
linearized concentration profile in the gel sample instead of using a time
dependence of total diffusion flux. Garcia-Guttieréz?® provides in-depth
summary of methods for the determination of diffusion coefficients in sol-
ids. Pros and cons of each method are discussed on the example of diffu-
sion of both neutral (tritium) and ionic (CI-, I, SO,%-, Na*, Ca?*, ...)
substances in compacted bentonite.

The cupric ion is well known for its high affinity to humic substances!®
and the ability to form one of the strongest bonds with them. Due to the
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above and also because of easy quantification of Cu?* content (e.g. by
means of UV-Vis spectroscopy), cupric ions have been chosen as a model of
heavy metal sorbate. The diffusivity of cupric ions in the humic gel is deter-
mined by their reduced mobility in a porous gel phase and by their interac-
tions with HA. Mathematically, these effects are described by the following
equation derived from conservation of mass

ac, o 0%¢c,

Lopo Ty 1
ot " ox? @

where c; is the concentration of Cu?* in time t and distance x in a humic
gel. DS is the value of the diffusion coefficient that embraces the influence
of the porous phase. This coefficient is usually defined by the relation®

D
D = (P? (2)

where D is the diffusivity in dispersion medium (water in the case of hy-
drogel), ¢ represents the porosity of the porous medium and t stands for
its tortuosity. Tortuosity is related to longer diffusion pathway in three-
dimensional network as compared with diffusion in an aqueous solution.
For highly porous media, its value lies between 2 and 6, usually it is close
to 3 as the substance diffuses in 3 directions instead of 1 and the pathway is
consequently approximately three times longer. The second term of Eq. (1)
represents the rate of chemical reaction between Cu?* and HA and it is de-

fined as
aoc,
= 3
3t (3

This balance describes distribution of the fixed Cu?* ions in time and space.
If fast immobilization with the presence of local equilibrium between
mobile and immobilized Cu?* is presumed, Eq. (1) is written now as

2
aﬁ:DeOﬁa Cl_Kai 4)
ot ox? ot
and, consequently,
ac, _ DY d%c, -b ac, 5)

ot 1+K ox? " 9x2
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where K is the proportionality constant between mobile (c;) and immobi-
lized (c,) Cu?* ions defined as

c, =Kc,. (6)

Equation (5) defines a new effective diffusion coefficient

D%,
1+K

D =

eff

()

In this case, “the effective value” means the value in which effects of
both chemical reaction and porous character of the gel are involved. From
the analytical solution of Eqg. (5), mathematical expressions for the con-
centration profiles of diffusing ions in the gel can be designed for corre-
sponding experimental conditions (for more details, see ref.14). The afore-
mentioned simplification is often used wherever an interaction between
a diffusing substance and a medium can be assumed fast enough in com-
parison with the diffusion itself. In practice, this condition is usually ful-
filled if the macroscopic diffusion characteristics obey rules for the Fick’s
diffusion (i.e. cumulative diffusion flux is directly proportional to square
root of time).

EXPERIMENTAL

Isolation of Humic Acids

HA were extracted from South-Moravian lignite by alkaline extraction. Lignite was stirred
with the extractant (0.5 M NaOH and 0.1 M Na,P,0,) in the 20 g per 1 dm? ratio for 12 h.
The formed suspension was kept standing overnight and the next day the solution was sepa-
rated from the solid phase and acidified with 20% hydrochloric acid to pH below 1. The
solid residue was put into another 1 dm?® of the extractant and after 1-h stirring the extract
was separated and acidified in the same way. The acid extracts were kept in refrigerator over-
night. Precipitated HA were separated by centrifugation (4 000 rpm), washed by deionized
water several times and centrifuged again (until CI” ions were removed) and dried at 50 °C.
Before humic gel preparation, HA were washed by deionized water, centrifuged and dried
once more.

Characterization of HA

Obtained HA were characterized by elemental analysis (CHNSO Microanalyser Flash 1112,
Carlo Erba) and UV-Vis (Hitachi U 3300). For UV-Vis spectroscopic characterization, dry HA
(7 mg) were diluted with 0.1 m NaOH and absorbance at wavelengths 200-900 nm was mea-
sured.
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Preparation of Humic Gel

For the preparation of the humic gel, solid HA were dissolved in 0.5 m NaOH. The hydrogel
was then obtained by precipitation of sodium humate after acidification with HCI to pH be-
low 1. The formed mixture was kept overnight and the next day the mixture was centri-
fuged, the supernatant was discarded and the gel (labeled as ‘gel A’) was repeatedly washed
with deionized water and centrifuged. About 86% of total weight of the resulting hydrogel is
represented by water content.

Diffusion Experiments

The paper compares three simple experimental methods for determination of Dy. In all of
them, non-stationary (transient) diffusion of Cu®* is assumed. Each of the following experi-
ments was done in triplicate; the individual diffusion flux was calculated as the arithmetic
mean of the three corresponding values with determination of the standard error.

In-diffusion from constant source. The first diffusion experiment was focused on the diffu-
sion from constant source of Cu?*. This method is often used in determining diffusion coef-
ficients in various solid samples?®*1. The humic gel (gel A) was packed into cylinders (1 cm
internal diameter and 5 cm length). These cylindrical samples were put separately into 50 ml
of saturated CuCl, solution with ca. 2 g of crystalline CuCl, added before. As the rate of dis-
solution of the crystalline salt is assumed to be higher in comparison with the rate of diffu-
sion, we can suppose that the concentration of Cu?* in solution is maintained at a constant
value during diffusion experiments. In given times, gel samples were sliced and the slices
were extracted separately with 0.025 m NH,EDTA solution. Previous extraction experiments
had confirmed the 100% effectiveness of the leaching of Cu?* ions from humic gel to 1 ™
HCI up to the 1 mol It content in the gel. Acid extraction is advantageous because dis-
solved humic acids do not interfere with the UV-Vis signal of Cu?* in extracts. Nevertheless,
higher Cu?* concentrations require the use of NH,EDTA as the leaching agent. The cu?*
content in each extract was quantified by UV-Vis spectrophotometry (Hitachi U3300). Con-
sequently, the concentration profile was determined by assessing the concentration of Cu?*
determined from a slice from a corresponding position in the gel cylinder. Simultaneously,
the cumulative diffusion flux was calculated from the sum of the Cu?* contents over the
whole cylinder.

Diffusion pair. Diffusion pair (also called Half-plugs method) is often used for determina-
tion of diffusivity in solids?®3233, The measurement is carried out by connecting two sam-
ples (usually tubes filled with a studied material) which differ only in concentration of
diffusing matter. This approach was implemented as follows. The humic gel with incorpo-
rated Cu®* ions (gel B) was prepared by diffusing the ions into the humic gel described in
the previous chapter (gel A). The gel A was gently pressed into a silicone tube (inner diame-
ter 1 cm and length 3 cm) and placed into 1 m CuCl, solution (30 ml). cu?* ions were dif-
fusing into the gel for 8 days, until a constant concentration in the tube was achieved. The
diffusion pair was then realized by connecting two silicone tubes, one filled with the humic
gel containing Cu?* ions (gel B) and the other filled with the humic gel without metal ions
(gel A, tube length 5 cm). In a given time, the samples were disconnected and the concen-
tration of diffusing substance was found in different positions. For this purpose, gel-slicing
was used again, determining the concentration of Cu?* ions in a separate slice after extrac-
tion with 1 m HCI by UV-Vis spectrophotometry. Satisfactory effectiveness of this extraction
in the particular region of Cu?" concentrations in the gel was confirmed again. From the
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dependence of cumulative diffusion flux (total mass of substance transported through the
interface of the diffusion pair) on time or from the shape of concentration profile of the dif-
fusing substance in the sample, diffusion coefficient is then calculated.

Instantaneous planar source. For an instantaneous planar source of the diffusing matter, an
infinitesimally small width of the initial concentration pulse is presumed?52°. This can be
considered, e.g., when a filter paper tagged with a highly soluble substance is located at the
end of a tube filled with the studied hydrogel. In the particular experiment, a circular slice
of filter paper (1 cm in diameter) was immersed into 1 m CuCl, solution for 1 min. The
humic gel (gel A) was packed into a plastic tube (1 cm inner diameter and 5 cm length) with
the immersed filter paper placed at one end. At given times, gel samples were sliced and
both paper and gel slices were extracted separately with 1 m HCI. Concentrations of Cu?*
ions in separate slices were determined using UV-Vis spectrophotometry.

RESULTS AND DISCUSSION

Characterization of HA

Results of the HA elementary analysis illustrate the major content of H
(42.12 mole %) and C (41.16 mole %); high content of O (15.64 mole %)
and the minor amount of N and S (0.91 and 0.17 mole %, respectively). All
values are normalized on dry ash-free HA. These results are in accordance
with previous elementary analysis published for lignitic humic acids®’.
From the UV-Vis spectrum of sodium humate, standard optical characteris-
tics were calculated. They are very useful for the determination of the
chemical structure of HAl. The absorption ratio A,g,/A,es, Which corre-
sponds to the ratio between resistant lignin structures and HA with the low
degree of humification34, was 3.75. A,qs/Ages ratio (E4/6) indicates the
humification index and decreases with increasing molecular weight or de-
gree of dispersion. Low E4/6 (3.35) hence indicates high molecular weight
of the applied HA. Kumada®® connected the value of Alog K (AlogK =
log Ayq — l0g Aggo) With the degree of humification of HA. According to this
value, the author distinguishes three basic types of the material: A-type
(Alog K up to 0.6), B-type (0.6-0.8) and R,-type (0.8-1.1); the lower the
A log K value the higher humification degree. The used HA belong to
A-type (A log K = 0.57) which indicates high degree of humification. Partic-
ular FT-IR, UV-Vis, elemental, 'H and solid-state 13C NMR characterization
of used HA can be found in more details in Peuravuori et al.®.

Diffusion Experiments

Schematic representations of all methods described in the following section
are shown in Fig. 1. Corresponding initial conditions are also implied.
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In-Diffusion from Constant Source

Prior to the start of the experiment, homogeneous distribution of concen-
tration of a diffusing substance is required. In our experiment, the diffusing
species of interest are Cu?* ions and the homogeneous concentration in the
gel in time t = 0 s is zero. When the phase boundary (a circular surface at
the end of the gel cylinder) is kept at a constant concentration (x = 0 m:
€, = Cyo fOr t > 0 s), Eqg. (5) can be easily processed by Laplace transforma-
tion. The time development of the concentration profile of diffusing sub-
stance in the gel can be calculated from the following equation'®29:37

X

¢, =C,,erfc——. (8)

4Dt

A diffusion flux J can be expressed by Eq. (9)
=D [oc, O )

“ Hox Hx:o'
The derivative of the concentration profile incorporated in Eq. (9) gives
the expression for the total amount of substance transported through the
solution/gel interface (cumulative diffusion flux). From this flux, Dy can
be calculated

Fic. 1
Schematic representation of the used diffusion methods
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m=2c,_, it (10)

In nonstationary diffusion of ions through two circular planes at both
ends of the gel cylinder, concentration profiles of Cu?* in the gel show a
typical symmetrical shape with a minimum in the middle of the gel sam-
ple, as was verified experimentally (concentration profiles are not listed
here). For constant concentration of Cu?* at solution/gel interface, the total
diffusion flux dependence on the square root of time is assumed to be lin-
ear. As can be seen in Fig. 2, the agreement between this theory and experi-
mental results is good. From the slope of the linear regression of this
dependence, the value of diffusion coefficient of cupric ion in the humic
gel was calculated using Eq. (10). Values of c,_, are determined by extrapo-
lation of concentration profiles. The resulting value of diffusion coefficient
together with all the values determined by the following methods and the
value published for diffusion in water are shown in Table I.

Diffusion Pair

An example of the experimental concentration profile obtained for gel B in
the diffusion pair with gel A is given in Fig. 3. It shows that concentrations
at both sides of the A-B interface are equal or, in other words, no concen-
tration jump is observed. The reason is clear; both gels are of the same ma-
terial origin. First step of their preparation is the same; they differ just in

-2

m, mol-m

|
0 50 100 150 200 250
\t, §°°

Fic. 2
Dependence of the total diffusion flux on the square root of time (in-diffusion from constant
source)
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the presence of Cu?* in one of them when starting the experiment. These
ions enter the final complete gel structure and can be consequently trapped
only by functional groups of HA, not involved in the formation of primary
gel structure. The nature, structure and properties of gel B are in this respect
similar to those of the gel A.

A mathematical description of the diffusion in this diffusion pair is sim-
ple. When the diffusion starts, gel B has a constant concentration of Cu?*
ions along the whole tube length (x < 0 m: ¢; = ¢, for t = 0 s), whereas their
concentration in the gel A is zero (x >0 m: ¢; = 0 mol m=3 for t = 0 s). These
initial conditions were verified experimentally. The solution of second
Fick’s law is the same as in the previous case and leads to the concentration
profile of Cu?* in diffusion pair in the following form?9.29.37

TasLE |
Diffusion coefficients D.y determined by different diffusion methods (with a 95% confi-
dence interval)

Method Dgsr, M2 s
In diffusion method (7.9 +0.6) x 1071°
Half-plugs method (7.1+0.2) x 10710
Instantaneous planar source (slopes) (4.8 +0.4) x 10710
Instantaneous planar source (intersection points) (5.0+1.4)x 10710
Diffusion in water? 14.3 x 10710

2 Cited from Lide et al.®®

1000
800 —
? 600

400 —

c, mol-m

200 +

0 T | I [ | I 111 I
-30 -20 -10 0
X, mm
Fic. 3
Comparison of calculated (line) and measured concentration profile in diffusion pair after 16 h
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c, = (11)

From Eq. (11), it can be seen that concentration of diffused component on
the interface is time-independent and equal to cy/2.

The total diffusion flux m which goes through the interface between gel B
and the gel A (x = 0) in time t can be calculated as

m=c, ,|—" . 12)
T

A comparison of Egs (9) and (10) with Egs (11) and (12) indicates that, in
fact, diffusion in diffusion pair corresponds to that from constant source;
the outer part of the pair serves as a source which ensures constant concen-
tration of diffusing substance (equal to c,/2) at the interface with the “in”
part.

Again, the dependence of experimentally determined m on vt is strongly
linear (Fig. 4). Therefore, Eq. (12) can be used for calculation of diffusion
coefficient. The value of D obtained for the Cu?* diffusion from gel B into
gel A is slightly lower than the value determined by diffusion from con-
stant source (Table I) but the confidence interval is markedly more narrow.

To test the validity of calculated D, Eq. (11) was used in order to calcu-
late theoretical concentration profiles for different times. As it can be seen
in Fig. 3, there is a good agreement between experimentally measured pro-
file and the calculated one.

10 <

-2
=3}
|

3

10°x m, mol'm

0 50 100 150 200 250 300 350
\t, 8°°

FiG. 4
Dependence of the total diffusion flux on the square root of time (diffusion pair)
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Instantaneous Planar Source

The method of instantaneous planar source differs from the other methods
mainly because that diffusion coefficient is primarily determined from the
shape of measured concentration profiles of diffusing matter instead from
the dependence of the total diffusion flux on time.

Instantaneous planar source involves an initial concentration pulse of in-
finitesimally small width. For this presumption and for the zero initial con-
centration of Cu?* in the gel, the solution of the second Fick’s law gives the
following relationship for concentration profilel®29.37

C, = Lexp%—i%
'os/mDt 0 4D, t0

where ng, stands for total Cu?* content in sample, x is the distance from
the intercept between the gel and the paper filter and S is the cross-section
area.

Linearization of this equation provides Eq. (14)

(13)

nCu _ X2
SymD 4t 4Dt
where it can be seen that while the linear regression of In ¢, = f(x?) is found

in the form In ¢; = B - Ax?, the effective diffusion coefficient influences
both slope A and intersection point B

Inc, =In (14)

A=—t  g=in_ o (15)
4Dt STt

For a better readability, the linear regressions for all three times are listed
starting from O in Fig. 5. As mentioned before, the effective diffusivity can
be derived from both A and B. In Fig. 6, the value of Dy is shown as a slope
of time-dependence of 1/(4A). For the calculation of Dy from intersection
point B, the following substitution can be used

Y = I—TB—H exp(2B) . (16)
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If compared with Eq. (15), it can be easily found, that Y = D t. Dy can be

therefore calculated as the slope of time-dependence of Y (see Fig. 6).
Using the calculated diffusivity, the theoretical concentration profiles can

be found. Figure 5 shows the agreement between measured and theoretical

profiles, calculated using the value of D derived from slopes of the linear-
ized profiles.

-3

¢, mol-m

Fic. 5

Linearized concentration profiles of cu?* in humic gel (a) and a comparison of measured pro-
files (b) with those calculated (b, lines) using subsequently determined diffusion coefficient
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Calculated Diffusion Coefficients

All calculated values of the diffusivities are listed in Table I. It can be seen
that all values are of the same order of magnitude as that published for dif-
fusion of Cu?* in water®8. This finding is common for diffusion in hydro-
gels. These values are also in good agreement with published diffusivities of
Cu?* in various hydrogels. Already in 1930’s, diffusion coefficient of Cu?*
was measured in silica gel (ca. 4 x 1071° m? s71)3% and in 2% agar gel (2.9 x
10710 m? s Much more recently, Garmo et al.*! determined diffusion

14 —
L slope =4.8 x 10" m*s™
12 4 R’ =0.994
N/-\ o
£ 1wd
<< 8-+
s
I L
«— 6 -
X -
['s]
o 4L
©
2 L
= S BN BN B B
0,0 05 1,0 15 2,0 25 30
5
107 x ¢t s
b
14
L slope = 5.0 x 10" m*s™
12 R*=0912
NE 10 3
> 8
X L
-no 6
~ L [ ]
44
2
o =S R T R S R
0,0 05 1,0 15 2,0 2,5 3,0
5
107x ¢t s
Fic. 6

Time dependence of the substituted slopes (a) and intersection points (b) of linearized concen-
tration profiles
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coefficients of 55 elements in DGT (diffusive gradients in thin films) equip-
ment which consisted of diffusive agarose polyacrylamide gel and imino-
diacetate chelating resin. Effective coefficient of Cu®* in this complex
medium was in the range 5.5-6.6 x 107 m? s for pH 4.7-5.9. Scally
et al.18 studied transport of Cu?* in the gels used for DGT method as well.
They obtained values 6.30-6.45 x 1071° m? s-! for agarose cross-linked
polyacrylamide and 4.18-4.81 x 10719 m? s for restricted polyacrylamide
gel. The solid contents of both gels were very close to those of humic gel
(~15%). The range of diffusivity corresponds to various NaNO; amounts
added to source solutions of Cu?*.

Table | shows a good agreement between D values determined by the
methods of in-diffusion and diffusion pair. The relative difference between
the highest and the lowest mean values is slightly above 10%. These values
correspond to about 50% of diffusivity of Cu?* in water. As expected, Cu?*
ion movement in the gel matrix is slower than in water regardless of a high
content of the aqueous phase in the gel. The reaction of Cu?* with the ac-
tive sites of HA in combination with a tortuous pathway decelerates the
transport of Cu?* through the phase interface. In other words, the driving
force for the diffusion may be the same but the resistance to ion movement
is higher when diffusing in the gel.

Both values of D,y determined experimentally with an instantaneous
planar source are noticeably lower. This can be caused by a dependence of
a diffusion coefficient on concentration of diffusing substance as is often
published!®. In the former experiments, considerably higher amounts of
diffusing substance were used and the concentration of Cu?* in humic gel
was always at least one order higher there and therefore an influence of the
chemical reaction on the transport can be more pronounced. Because the
value of Dy is governed by the shapes of concentration profiles, the stan-
dard error of Dy, characterized by the 95% confidence interval, is higher
here. Nevertheless, this method possesses many advantages including low
demands on supply of diffusing matter.

CONCLUSIONS

For the various applications of humic acids utilizing the natural sorption
ability, it is necessary to combine classical sorption experiments with mod-
eling of the sorbate transport in humic material which simulates the natu-
ral forms of HA. For this reason, basic diffusion experiments were performed.
They were focused on the Cu?* transport in the humic gel and the main
goal was to test the applicability of theoretical mathematical apparatus and
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simple laboratory methods to the study of the pollutant transport in mate-
rials that model natural humic environments.

In general, these diffusion measurements seem to provide a valuable
method for reactivity and permeability mapping studies on materials con-
taining humic substances. All methods proved themselves suitable for easy
and quick description of transport phenomena. All experimental data fit
theoretical calculations well. Specific parameters of each method (e.g. con-
centration of diffusing substance) must be taken into account when choos-
ing an appropriate method for defined conditions. Consequently, either
in-diffusion from a constant source or a diffusion pair can be utilized wher-
ever the amount of the diffusing substance is not a limiting factor. In oppo-
site cases, instantaneous planar source represents the method of choice.

As compared to diffusion of Cu?" in water, the experimentally deter-
mined values of diffusion coefficient of Cu?* in the humic gel were lower
but of the same order of magnitude. This finding agrees with an increase in
resistance to transport, which is well known for the reactive gels. The inves-
tigation of the diffusion behavior of typical pollutants in the gel forms of
humic acids (from various sources or methods of extraction and purifica-
tion) can serve as an important tool for the evaluation and standardization
of their usability in a large range of applications.

SYMBOLS

initial concentration of diffusing substance in source gel (diffusion pair),
mol m=

concentration of a diffusing substance, mol m=

concentration of an immobilized diffusing substance, mol m™=

constant concentration at the phase interface (constant source), mol m=

D diffusion coefficient in dispersion medium (water for hydrogels), m? s

DS effective value of diffusion coefficient excluding any reaction effect, m? st

D, effective value of diffusion coefficient including a reaction effect, m? s

erfc complimentary error function

J intensity of diffusion flux, mol m= s*

K proportionality constant between mobile and immobilized form of diffusing
substance (dimensionless)

m cumulative diffusion flux, mol m=

ng, total amount of Cu applied in experiment (instantaneous source), mol

S cross-section area, m?

t time, s

X distance, dimension, m

0] porosity of a porous medium (dimensionless)

T tortuosity of a porous medium (dimensionless)
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Humic acids play an important role in soil and natural water chemistry. Many works dealing with sorption of
different toxic chemicals on both solid humic acids and humic sols have been published. This paper focuses
on the transport and immobilization of Cu?* in a humic gel. Use of humic acids in a gel form brings several
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In the latter case, effects of time and of the initial concentration of Cu®* ions source were determined.
Usability of an applied experimental arrangement and mathematical description of metal ions transport and
immobilization are discussed.
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1. Introduction

The ability of soils and sediments to reduce the mobility of
chemical pollutants or even to immobilize them represents their
important natural feature. It affects biological uptake and bioaccu-
mulation of toxic chemicals in plants as well as the pollution of the
underground water supplies. Most of agricultural soils have gradually
lost much of this ability which must be supported artificially now
because the use of heavy machinery and synthetic fertilizers had
replaced considerate soil utilization and natural fertilization.

As the most beneficial fraction of soil organic matter, responsible
for mentioned natural detoxification of soils, humic acids (HAs)
provide outstanding sorption ability towards common groups of
pollutants. Humic substances can be gained from their rich alternative
natural sources - peat, young coal etc. - from which they can be
obtained by simple and cheap methods of extraction and purification
(Stevenson, 1982). They are chemically reactive, and they possess a
wide range of functionalities that could change when structural
modifications are made to acquire desired properties. This makes HAs
very promising for production of soil remediation agents.

Due to a diffuse nature and diverse functionality of humic
substances, fundamental knowledge regarding their chemistry and
properties is still missing. Because these substances are not well
understood with regards to exact structure, it is necessary to develop
an appropriate methodology in order to compare properties of humic
substances from different sources and to confront them with other

* Corresponding author. Tel.: +420 541149488; fax: +420 541149398.
E-mail address: sedlacek-p@fch.vutbr.cz (P. Sedlacek).

0016-7061/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.geoderma.2009.07.002

materials (e.g. synthetic polymers and biopolymers). Therefore,
systematic reactivity and biological activity mapping studies are
needed.

Many works focused on sorption of different chemicals on solid
humic acid and/or humic sols have been published (Kerndorff and
Schnitzer, 1980; Tipping and Hurley, 1992; Kluc¢ikova et al., 2000,
2002; Klu¢akova and Pekaf, 2003a,b, 2004, 2005, 2006). It is well
known that sorption ability depends on size of humic particles
strongly. One important reason is the transport of adsorbed ions (or
molecules) into humic particles in order to bind with active centre.
Involvement of diffusion transport of a sorbate in a specific form of
humic material is therefore necessary for modeling of sorption on HAs
in their natural environments.

In general, transport processes including diffusion play important
role in soils and it is necessary to study and understand both complex
behavior of this natural system and the role of its constituents.
Diffusion studies on humics could be utilized in easy characterization
of this reactive component of soils. Because parameters such as
effective diffusion coefficients of common pollutants in various forms
of different HAs are always markedly affected by an interaction
between diffusing matter and a humic matrix, they can be used in
discussing the quality of humic substances from different origin.
Regarding desired applications, these quantitative parameters can
also provide an easy comparison with other synthetic or natural
materials and they possess the great potential in computer simulation
of transport phenomena in natural environments.

Nevertheless, studies of diffusion in humic systems are relatively
scarce. Wang et al. (2004) investigated the effect of HAs on Eu®* diffusion
in compacted bentonite. They found that HAs hinder the Eu** diffusion
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and migration because of formation of Eu-humic complexes which
precipitate at the surface of compacted bentonite. Consequently, only a
small part of Eu exists as a free ion. Wold and Eriksen (2007) carried out
similar experiments with diffusion of Eu®*, Co?", and humic colloids
through compacted bentonite. Humic colloids diffused through the
bentonite regardless its compaction. The apparent diffusivities of both
metals increased significantly in the presence of humic colloids. Seki and
Suzuki (1999) prepared composite adsorbents containing humic acids
entrapped in an alginate gel and carried out a kinetic study of lead
adsorption to this gel. The shrinking core model was used to determine
apparent lead diffusion coefficients in the gels.

HAs are usually found in highly humid environments (water
sediments, peat etc.) in swollen form, hence recent contributions
focus on the study of HAs in a form of the hydrogel. Our previous
results confirmed that kinetics of metal-humic interactions is
generally dependent on the colloidal state of HAs (Klu¢akova and
Pekaf, 2005). The gel models a transport in highly wet substrates
where molecular diffusion plays the major role in mass transport. It
can stand for real substrates like highly wet sediments, mud etc.
Further, coal is known to swell in aqueous media; applications of low-
rank, humic-rich coal as soil conditioner and as a plant nutrition
support are well known. Controlled release of nutrients from coal-
derived amendment would be diffusion-controlled rather than
dissolution-controlled and knowledge on diffusion in humic gels can
be also important for the design of such systems. Even if the true state
of humic materials in soils and sediments is far from mineral-free
form of used HAs, the system is acceptable in terms of description of
the transport affected by complex interaction with humic constitu-
ents; simple interactions with the mineral content are well-observed
and described by basic adsorption kinetics (a detailed review is given
in McBride, 1991).

Besides good simulation of natural humic environments, the gel
form of HAs provides some additional benefits. The most valuable one
is the possibility of preparation of samples with defined size and
shape, which is necessary for mathematical description of the
observed processes. The gel form of HAs can be considered a system
allowing fixation of humic material while enabling interactions in its
whole volume. Consequently, not only physicochemical interactions
but also transport within humic matrix can be studied. Humic
hydrogel can be prepared in a simple and cheap way using a method
of guided coagulation (Martyniuk and Wieckovska, 2003). Therefore,
humic hydrogel is proposed as a suitable colloid form of humic acids
for diffusion experiments.

Cupric ion is well known for both its high affinity for humic
substances (Stevenson,1982) and ability to form one of the strongest
bonds with them. Due to the above and also because of easy
quantification of Cu®" content by means of UV-VIS spectroscopy,
cupric ions have been chosen as a model heavy metal sorbate.
Previous work (Klu¢akova and Pekaf, 2004) demonstrated effective-
ness of simple “tubing” method in diffusion studies of humic gels and
determination of diffusion coefficients. The main goal of the recent
work was to propose a suitable methodology for the study of cupric
ions transport in a multiphase system containing humics, to estimate
a correctness of applied mathematical model and to determine crucial
diffusion parameters (i.e. diffusion coefficient, concentration ratio at
the interface) for their subsequent application in modeling pollutant
transport in nature and in artificial humic materials.

2. Experimental
2.1. Isolation of HAs

HAs were extracted from South-Moravia lignite by means of the
alkaline extraction. The procedure represents our own modification of

a published method (Piccolo et al., 1999) and has previously been
utilized in other experimental work (e.g. in Klu¢akova and Pekar,

2008). Lignite was stirred with extractant (0.5 mol/L NaOH +0.1 mol/L
Na,P,07) in the 20 g per 1 dm? ratio for 12 h. The formed suspension
was kept overnight and next day the solution was separated from the
solid phase and acidified by 20% hydrochloric acid to pH below 1. The
solid residue was put into another 1 dm® of extractant and after 1 h of
stirring the extract was separated and acidified in the same way. The
acid extracts were kept in the refrigerator overnight. Precipitated HAs
were separated by means of centrifugation (4000 min~!), washed in
deionized water several times and centrifuged until CI” ions removal
and dried at 50 °C. Before humic gel preparation, HAs were washed in
water, centrifuged and dried once more. Obtained HAs were
characterized by means of elemental analysis (CHNSO Microanalyser
Flash 1112 Carlo Erba), FT-IR spectrometry (Nicolet Impact 400;
measurement in KBr pellet) and UV-VIS (Hitachi U 3300). For UV-VIS
spectroscopic characterization dry HAs (7 mg) were diluted by
0.1 mol/L NaOH and absorbance at wavelengths from 200 nm to
900 nm was measured.

2.2. Preparation of humic gel

For the preparation of humic gel, solid HAs were dissolved in
0.5 mol/L NaOH. The hydrogel was then acquired via the precipitation
of sodium humate after acidification by HCl to pH below 1. The formed
suspension was kept overnight and next day the mixture was
centrifuged, the supernatant was discarded and the gel was
repeatedly washed by deionized water and centrifuged.

2.3. Diffusion experiments

The diffusion study was divided into two experiments. The first
one was focused on the diffusion from constant source of Cu?*.
Humic gel was packed into a plastic tube as a 5 cm long cylinder. Each
cylindrical sample was then put separately into 50 mL of saturated
CuCl; solution with one spoon of crystalline CuCl, added before.
Different times of diffusion were chosen and each test was
triplicated. After passing the chosen time, corresponding gel samples
were sliced and each slice was extracted in 0.025 M NH4-EDTA
separately (100% effectiveness of the leaching of Cu?* from humic gel
to this agent had previously been experimentally confirmed). Cu?*
content in each extract was quantified by UV-VIS spectrophoto-
metry, and the concentration profile of the gel cylinder and the
cumulative diffusion flux across two solution-gel interfaces were
determined.

In all remaining experiments, diffusion of cupric ions from time-
variable sources was studied. The diffusion was implemented in the
apparatus shown in Fig. 1. Again, humic gel was packed into a plastic
tube and two side containers were filled with 2 mL of CuCl, solution

Fig. 1. Scheme of an apparatus for the study of a nonstationary diffusion.
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and 2 mL of deionized water, respectively. Changing the initial
concentration of CuCl, solution placed in the apparatus container
monitored dependence of the cumulative diffusion flux on initial
concentration of Cu?* in solution. Initial values of Cu?* concentration
were 0.1 mol/L, 0.3 mol/L and 0.6 mol/L. Effect of time duration of
diffusion experiment was tested then. The following times were
chosen: 1 and 6 h, 1 day, 3 days and 5 days. Copper concentrations in
the gel were analyzed as described previously for the constant source
experiments.

3. Calculation

Diffusivity of cupric ions in the humic gel is determined by reduced
mobility of ions in the gel phase (related to longer diffusion pathway
in three-dimensional network as compared with diffusion in an
aqueous solution) and by the complexation of ions by functional
groups of humic acids (mainly carboxylic and phenolic -OH groups
and aromatic rings). This paper deals with the transport of Cu?* from
aqueous solutions into humic gel samples. Mathematically, the
concept of unsteady diffusion with chemical reaction in a semi-
infinite media is adopted in two variations: diffusion from constant
source and diffusion from time-variable source. For cylindrical gel
sample, nonstationary diffusion of ions is assumed only through
circular planes at both ends of gel cylinder. Mathematical description
of transport phenomena arises from the solution of the Fick's equation

“Eop, % (1)

where ¢, is the concentration of Cu?* at time ¢ and distance x in a
humic gel, and Dy is the effective value of Cu?* diffusion coefficient in
the humic gel. In this case, “effective value” means the value in which
two effects are involved: chemical reaction between Cu?* and HAs and
porous character of the gel. From the analytical solution of Eq. (1),
mathematical expressions for the concentration profiles of diffusing
ions in the gel can be designed for corresponding conditions (for more
details see Crank, 1956). Initial condition: before the experiment,
homogeneous distribution of concentration of the diffusing substance
is supposed. In this case, the concentration of metal ions in the gel in
time t=0 is zero. Boundary condition: two concepts can be adopted
according to the arrangement of a diffusion experiment. When the
boundary of phase is kept at a constant concentration (x=0: cg=c; for
t>0), Eq. (1) can be processed by Laplace transformation and the time
development of the concentration profile of diffusing substance in the
gel can be calculated from Eq. (2).

2)

¢ = Cserfc

4Dt

The condition mentioned above can be provided e.g. by diffusion of
a salt from its saturated solution in which an addition of the crystalline
form ensures constant concentration of the solution during the
experiment.

Because the intensity of diffusion flux J can be expressed by the
equation

the derivative of Eq. (2) incorporated into Eq. (3) gives the expression
for the total amount of substance transported through the solution/gel
interface (cumulative diffusion flux m)

D,t
m = 2¢ o (4)

If concentration of the solution changes, (caused by the diffusion
process), the concentration profile of diffusing substance in the gel can
be expressed by equation

:C X
C, = &0 erfc

* (1+e /Dy /D JaDgt

where ¢ is ratio of concentration of Cu?* in the gel and in the solution
in final equilibrium (at the hypothetical “end of diffusion”), cq is the
initial concentration in the solution and D is the diffusion coefficient
of Cu®" in solution. The dependence of cumulative diffusion flux on
time can be derived in a similar way like in the previous case (see Eq.

(6))

()

28C0 %

m= ———————
1+¢,/Dg/DV T

(6)

4. Results and discussion
4.1. Characterization of used HAs and the humic gel

Results of the HAs elementary analysis illustrate the major content
of H (42.12 at.%) and C (41.16 at.%); high content of O (15.64 at.%) and
the minor amount of N and S (0.91 and 0.17 at.%, respectively). All
values are normalized on dry ash-free HAs.

From the UV-VIS spectrum of sodium humate, standard optical
characteristics were calculated. They are very useful for the determi-
nation of chemical structure of HAs (Stevenson, 1982). Absorption
ratio A(280 nm)/A(465 nm) (calculated to 3.745) corresponds to the
proportion between resistant lignin structures and “ young” HAs (HAs
with the low degree of humification).

A(465 nm)/A(665 nm) ratio (E4/6) represents so-called humifica-
tion index. In case of HAs this index decreases with increasing
molecular weight or degree of dispersion (Chen et al., 1977). Hence,
low E4/6 (3.350) indicates high molecular weight of the applied humic
acids. Kumada (1975) connected the value of Alog K (Alog K=1og A0
-log Agoo) with the degree of humification of HAs. According to this
value, the author distinguishes three basic types of the material: A-
type (Alog K up to 0.6), B type (the value from 0.6 to 0.8) and R, type
(from 0.8 to 1.1); the higher the Alog K value represents the higher
humification degree. The used HAs belong to A-type (Alog K=0.565)
which indicates high degree of humification. Particular FT-IR, UV-VIS,
elemental, 'H and solid-state '3C NMR characterization of used HAs
can be found in more details in Peuravuori et al. (2006, 2007).

Resulting humic gel was characterized, too. About 86% of its total
weight is represented by water content. As expected, results of
oscillatory rheometry (not listed here) confirmed strongly viscoelastic
behavior with the storage moduli (G’) about one order higher than the
lost moduli (G”). The concentration of dry ash-free HAs in the gel is
about 107 g/L. Determination of acidity of the humic acids in various
colloid forms including the gel was determined by the methods of
conductometric and potentiometric titrations, the results are listed
elsewhere (Klucakova and Kotkova, 2007). The total and carboxylic
acidities were 13.26 mmol/g and 6.63 mmol/g, respectively (as
calculated per weight of the dry and ash-free humic acids). Total
acidity is close to that of the corresponding sodium humate and
slightly higher in comparison with related suspension.

4.2. Determination of the diffusion characteristics

For the determination of diffusion coefficient of Cu®* in humic gel,
values of total diffusion flux from saturated solution with constant
concentration were examined. In Fig. 2, Cu?* concentration profiles
corresponding to different times of diffusion in humic gel samples can
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Fig. 2. Concentration profiles of Cu?* in gel samples (constant source).

be seen. In case of nonstationary diffusion of ions only through two
circular planes at both ends of gel cylinder and for constant
concentration of Cu?* at solution/gel interface, the total diffusion
flux dependence on the square root of time is supposed to be linear
(see Eq. (4)). As can be seen in Fig. 3, agreement between this theory
and experimental results is satisfactory. The figure also shows the
difference from a solution calculated for diffusion in water. From the
slope of the linear regression of experimentally determined depen-
dence, the value of diffusion coefficient of cupric ion in humic gel was
calculated (using Eq. (4)). Values of ¢; were determined via the
extrapolation of concentration profiles. The effective value of diffusion
coefficient was calculated to 7.92x107'° m? s™!; diffusivity of Cu®* in
water is 1.43x107° m? s~ ! (Lide, 1995). This value is in good agreement
with published diffusivities of Cu®" in various reactive hydrogels.
Garmo et al. (2003) determined diffusion coefficients of 55 elements
in DGT (Diffusive Gradients in Thin films) equipment which consisted
of diffusive agarose polyacrylamide gel and iminodiacetate chelating
resin. Effective coefficient of Cu* in this complex medium was in the
range 5.5-6.6x1071°m? s ! for pH 4.7-5.9. Scally et al. (2006) studied
transport of Cu?* in the gels used for DGT method as well. The solid
weight content of the gel was close to that of humic gel (15%). They
obtained values 6.30-6.45x1071° m? s™! for agarose cross-linked
polyacrylamide and 4.18-4.81x107° m? s™! for restricted polyacry-
lamide gel. The ranges correspond to various NaNO3 amounts added to
source solutions of Cu?".

As can be seen, diffusivity of Cu®>* in humic gel corresponds to
about 55% of diffusivity in water. The decrease in diffusivity as
compared with the aqueous solution allows a complex view on the
manifold interaction between the ions and the humic matrix. All types
of the interaction participate in this decrease, no matter if we suppose
a complexation with acidic groups of humic acids, hydrophobic
interaction or any other effects. In Klu¢akova and Pekar (2004 ), wide-
spread approach is applied in explaining the value of the effective
diffusion coefficient. The authors assume this value to be closely
linked with the diffusivity in an inert medium D (medium with the
same material characteristics but with zero effect of the interactions):

5= 3R )

where K represents the equilibrium constant of the interaction, when
the direct proportionality between immobilized and mobile forms of
the diffusing matter is presumed. In the first approximation, D can be
substituted by diffusivity in an aqueous solution, because of the high
water content in the gel. Using Eq. (7), we can consequently estimate a
distribution of diffusing ions between mobile and immobilized
fraction. The decrease in diffusivity to about 50% corresponds to
K=1, which indicates that about half the actual concentration of the

Fig. 3. Dependence of the total diffusion flux on the square root of time (constant
source) as compared with the flux calculated for diffusion in water (dashed line).

ions in the gel is immobilized in the form of a HAs-complex. This
distribution was independently confirmed by extraction experiments
using leaching agents of the different strength (unpublished results).

The next experiment was focused on Cu?* diffusion into humic gel
from solutions with time-variable Cu?* concentration. Effects of time
and initial concentration of Cu?* in solution were tested. Experimental
concentration profiles can be seen in Fig. 4. In analogous diffusion
experiments, constant ratio of concentration of diffusing matter in the
gel and in the solution at the interface is usually assumed. As is
apparent from relation Eq. (6), the total diffusion flux through the
interface should increase with initial Cu®>" concentration in the
solution and with the square root of time linearly.

Diffusion fluxes were calculated as sums of concentration of cupric
ions detected in the gel slices and were verified by spectroscopically
measured decrease of the solution concentration (in average, 98%
agreement was found). In no experiment, any Cu®* break-through was
observed from UV-VIS spectra of initially pure water behind the gel
sample. Fig. 5 shows dependences of the diffusion flux on the initial
solution concentration for 5 tested times. It can be seen, that linearity
of all dependences is apparent and that the slope of linear regression
increases with time duration of experiments.

Time dependence of total diffusion flux is much more complicated.
In the region of very short times, total flux rises linearly with the
square root of time in agreement with Eq. (6). The slope of this line
(see solid lines in Fig. 6) increases with increasing initial concentration
of cupric ions in the solution linearly. After 6 h initially linear

Fig. 4. Concentration profiles of Cu®* in gel samples (time-variable source) for different
initial concentrations of solution (larger figure; example for time duration 24 h) and for
various times (smaller figure; example for initial concentration of solution 0.6 mol/L).



P. Sedlacek, M. Klucdkovd / Geoderma 153 (2009) 11-17 15

Fig. 5. Total diffusion flux as a function of the initial ion concentration in the solution
(time-variable source).

dependence of diffusion flux deflects to lower values. The divergence
rises with the square root of time proportionally so the following
course of the diffusion flux is approximately linear, again. Discussed
deflection of the time-dependence of the diffusion flux indicates some
changes of solution-gel system occurring later. These changes make
the velocity of diffusion slower than corresponds to the simple
mathematical model.

Explanation of this behavior is not easy. Nevertheless, the most
probable reason for this disagreement between theoretical relation
and experimental data lies in preconditions linked with chemical
reaction between HAs and Cu?* ions. Diffusion of metal ions in humic
gel combined with a complexation reaction provides a model
described by partial differential equations based on Fick's laws,
which cannot be solved analytically. We used simple equations, which
consider so-called effective diffusion coefficient. Its value embraces
diffusion transport combined with a chemical reaction on condition
that the concentration of immobilized cupric ions is directly
proportional to the concentration of free (movable) ions in humic
gel. Main advantage of this model is its simplicity and relatively wide
utilization. However, in case of diffusion in humic gel, real situation is
much more complex. The complexity influences a partition of
diffusing matter at the solution/gel interface which is described by
the ratio of the ion concentration in the gel and in the solution — the
partition coefficient ¢. Its permanency is presumed while deriving Egs.
(6) and (5). If other possible influences (such as non-permanency of
diffusion coefficient) are neglected and ¢ is calculated from experi-
mental diffusion flux values following Eq. (6), with changing initial
concentration of ions in the solution ¢ really stays constant, but there
is a dependence of ¢ on the diffusion time which can be seen in Fig. 7.
There are several possible explanations of this unexpected dependence,

Fig. 6. Total diffusion flux as a function of the square root of time (time-variable source).

Fig. 7. Time-shifting of theoretical constant &.

but until an experimental verification none of them can be accepted for a
certainty. First possible reason of a shift of € could be time-dependent
Donnan potential between solution and negatively charged gel. Donnan
potential enhances the concentration of metal cations at gel surface
(Scally et al., 2006). This enhancement steepens the gradient within the
gel and increases diffusion flux. As the reaction between acidic groups of
HAs gel and transported Cu?* neutralizes negative charge of the gel,
Donnan potential decreases and so does the diffusion flux. The fall of
Donnan potential is proportional to the diffusion flux of Cu?* and therefore
the deflection of time-dependence of the flux is most pronounced for the
highest initial concentration of Cu®* in the solution. For better under-
standing of this phenomenon, measurement for different ionic strengths
should be repeated; at higher ionic strengths Donnan potential is
negligible, with no effect on diffusion.

It is also necessary to keep in mind that although, in a first
approximation, we assume diffusion of Cu?*solely, in fact counterions
(CI") are transported into the gel, too. The shift of gel pH related to the
accumulation of CI” certainly affects dissociation of acidic groups of
HAs and their reaction with Cu?*.

Other effects of the dependence of the diffusion flux on time are
caused by the geometry of used experimental arrangement. We
applied mathematical model of semi-infinite medium. Although no
cupric ions were detected for x—5 cm (length of tube), obtained
results could be influenced by interaction of humic gel with deionized
water from a side container. This interaction can affect water content
in humic gel. Consequently, diffusivity of Cu®* in the gel could become
time-dependent. Furthermore, the source solution does not have the
character of a semi-infinite medium; its volume is quite low
comparing to the volume of gel phase. Besides, while deriving
whole mathematical apparatus the diffusion coefficient was supposed
to be independent on Cu?* concentration. Possible dependence of D
on the concentration of cupric ions in solution should be experimen-
tally examined so as to be able to discuss its participation on the
above-mentioned abnormalities.

The knowledge of the ¢ allows the calculation of theoretical
concentration profiles of the Cu?* in the humic gel for individual
experiment conditions (initial concentration and time duration).
Examples in Fig. 8 show good agreement between calculated and
measured concentration profiles. This agreement supports ideas
presented in the previous paragraphs. Fig. 8 also illustrates the
difference between diffusion in the hydrogel and in aqueous solution.

4.3. FT-IR analysis

The FT-IR spectra of dried hydrogels illustrate the way Cu?* ions are
bound in humic gel. The measurements were performed in KBr pellet
in a spectral domain 400-4000 cm™ . The result for humic acids used
in the gel preparation shows typical transmission spectrum of highly



16 P. Sedlacek, M. Klucdkovad / Geoderma 153 (2009) 11-17

Fig. 8. Comparison of the experimental (points) concentration profiles (co=0.6 mol/L)
with those calculated for determined diffusion characteristics (solid line) and for
diffusion in water (dashed lines).

humified organic matter. It is well known that oven drying of HAs can
cause irreversible changes of surface areas, including cross-linking
and perhaps even decarboxylation. Nevertheless, there is no evident
difference between IR spectra of used HAs and spectra of dried humic
gel. Therefore, important chemical or structural changes of HAs taking
place during these procedures were not confirmed.

Consequently, several differences which can be found in the IR
spectrum of dried humic gel with diffused Cu®>* can be caused by
interactions between HAs and Cu?*. Wide absorption band at about
3400 cm™ ! represents moisture; HAs form hydrocomplexes with cupric
ions. This band makes detail interpretation of the spectrum in the range
from 3500 cm™' to 3000 cm™! impossible (therefore, this spectral
domain is not shown). Important changes occur below 2000 cm™ ! as can
be seen in Fig. 9. Complexation of Cu" affects absorption bands of the
carboxylic groups markedly. In the area of 1700 cm™!, where the
absorption of carboxylic -OH takes place, strong decrease of the
absorption peak can be seen in comparison with spectra of HAs and
the raw gel. Moreover, absorption band with its maximum at about
1610 cm™! corresponding to dissociated -COO™ is shifted to lower
wavelengths (1604 cm™'). Intensity of a small wide band resulting from
vibration of phenolic -OH groups (around 1370 cm™!) decreases after
the diffusion of Cu?". Similar observations concerning Hg?*~humate
complexes are listed and explained in details in literature (Terkhi et al.,
2008) and some more focused on Cu?*, Pb>* and Ca?* complexes are also
referenced to (Piccolo and Stevenson, 1982). These results verify
published participation of carboxylic and phenolic groups of HAs on
the complexation of metal ions. This complexation releases H" ions that
increase the acidity of side water solutions. This fact was experimentally
confirmed; pH of deionized water in the side container decreased with
increasing time and with increasing initial concentration of Cu?*
solution (i.e. with increasing flux of Cu* into the gel).

5. Conclusions

Humic acids (HAs) represent a valuable material for various
applications utilizing their outstanding sorption ability. Mainly for
agricultural use, it is necessary to combine classical sorption
experiments with a modeling of the sorbate transport in humic
material which simulates natural form of HAs. The article deals with
the study of cupric ions diffusion in the humic hydrogel. The
experimental part is focused on the determination of diffusion
coefficient of Cu?'in humic gel (calculated value corresponds well
with the one determined by another method in previous work
(Kluc¢akova and Pekaf, 2005) and on effects of the main experimental
parameters (initial concentration of Cu?* in solution and diffusion
time) on the total diffusion flux across the solution-gel interface. The

Fig. 9. Transmittance FT-IR spectra of used HAs (A), humic gel (B) and humic gel with
diffused Cu®* ions (C).

knowledge of determined diffusion characteristics (i.e. diffusion
coefficient and partition of Cu®" at the interface) is essential for
subsequent experiments which will focus on an effect of other
physicochemical parameters (e.g. solution pH, ionic strength).

It was found that theoretically constant partition of Cu®* at the
solution/gel interface is time-dependent. The shift of ¢ is more
pronounced for higher diffusion flux of Cu?>* and causes an incurvation
of theoretically linear dependence of the diffusion flux on the square
root of time. The explanation of this phenomenon will be taken as the
scope for a future experimental work.

The main aim of the work was to check the applicability of used
devices and means (designed apparatus and mathematical model) in
diffusion experiments. In general, diffusion measurements seem to
provide valuable method for reactivity mapping studies on humic
substances. Parameters such as effective diffusion coefficients of
common pollutants in hydrogel forms of humic acids can be used in
order to discuss the quality of humic substances from different origin
in comparison with other synthetic or natural materials regarding
desired application (e.g. in agriculture). Although the presented
apparatus is very simple and could be improved for following
experiments (higher solution volumes should be used), experimental
data are valuable and they also fit theoretical calculations well.
Consequently, it can be concluded that this method proved to be a
very useful natural-like model for the wide spectrum of diffusion
experiments using hydrogel forms of humic substances.
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Diffusion experiments in humic hydrogels provide valuable findings on reactivity of humic matrices. This article
concentrates on the study of interactions between humic acids and copper(Il) ions in diffusion experiments. The
diffusion experiments were supplemented with selective extraction of the diffused copper(Il) ions. For this
purpose, the leaching agents with increasing affinity towards copper(Il) ions were used. The presented results
showed that several different forms of the diffused ions exist in the humic gel, which is given by the strength
of bonds towards humic acids. Distribution of copper into these forms becomes constant after some initial period,
which indicates local equilibration of interactions between the ions and the humic content of the gel during the
transport process. The proposed experimental method seems promising in order to shed new light on the effects
of humic acids reactivity on mobility of important compounds in nature.
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1. Introduction

Humic substances are currently assumed to be the most widely
distributed organic material on the earth's surface. They are formed
through the biological activity of microorganisms and through the
biochemical changes of organic residues. According to their solubility,
humic substances are classified into three main fractions: fulvic acids
are soluble in aqueous media, humic acids (HA) are insoluble under
acidic conditions and humins stay insoluble throughout the whole
range of pH-values. Humic materials are present in soils, waters, sed-
iments and coals (Stevenson, 1982). Humic acids, as the major frac-
tion of humic substances, were even extracted from a living plant
(Ghabbour et al., 1994). The main sources of HA are peat and coal,
from which they can be extracted by well-known chemical methods
(Stevenson, 1982). HA represent material of outstanding biological
and environmental impact. The main function of HA in soils and sed-
iments is to impact the porosity and to act as a sorbent and reservoir
of water and different kinds of chemicals (Jansen et al., 1996). Many
potential applications of HA in agriculture, industry, environmental
engineering and medicine are listed in Schnitzer and Khan (1972)
and Pena-Méndez et al. (2005). For many decades, HA have been sub-
stantially investigated in light of their remarkable affinity towards
heavy metals and they have frequently been proposed for utilization
in decontamination of areas loaded with toxic metals (Tipping and
Hurley, 1992).

Heavy metals naturally exist in different chemical forms and can be
bound to various matrices with different bond strength. Determination
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of different metal binding modes can give us the information on their
mobility, (bio)availability or toxicity. This can be essential for descrip-
tion of their effects on nature, especially on the living organisms. Diver-
sity in metal-binding ability of a soil can be assigned to its complex
nature; different soil constituents have a different ability to reduce
mobility or even to immobilize metal ions. Among these constituents,
organic matter and especially humic substances play the key role. In
Kyziol et al. (2006), sorption of chromium on different fractions of
natural organic matter was studied. The results indicate that most
Cr(III) ions were immobilized in a stable complex, only a small fraction
was bound by ion exchange mainly to aliphatic carboxylic acids.

The widely used method for determination of the mobility of metals
in soils is leaching by chemical extractants (Main et al., 2000). Using the
method of sequential extraction, the whole amount of metals, originally
sorbed on organic matter, is divided into different fractions by sequen-
tial addition of various extractant agents. The leached amount of the
metal is then given by the strength of the extraction agent (and thus
the strength of metal-soil interaction). The first studies proposing se-
quential extraction for this purpose were designed by Tessier et al.
(1979). Tessier et al. (1979) distinguished five different groups of
metal ions according to their bond strengths towards soil: exchange-
able, bound to soils carbonates, bound to iron and manganese oxides,
bound to organic matter and the residual fraction. Zeien and Bruemer
(1991) came with an even more selective technique for sequential ex-
traction of metals from soil samples. Following their procedure, the
metal content is fractionated into seven fractions. Other works
(Slavek et al., 1982; Rauret, 1998; Groenflaten and Steinnes, 2005)
submit modifications of Tessier's extraction technique. These studies
indicate chelating agents (EDTA, DTPA and their salts) and acid solu-
tions (e.g. HCl, HNOs, HAc) to be the most efficient substances for
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total extraction of the whole metal content. Further, the extrac-
tion yields decrease in following order: buffered salt solutions
(e.g. NH40Ac, NaOAc), salt solutions (e.g. MgCl,, CaCl,, NaNOs, BaCly,
AlCl3, NH4NOs3) and water. Copper is often used as a model heavy metal
mainly because of its renowned affinity to humic acids (Stevenson,
1982). In Siqueria et al. (1989), the total extractability of copper(Il)
ions, previously sorbed on humic acids was verified, when 0.5 M HCl or
1 M HNOs was applied. To summarize, most of numerous extraction pro-
cedures proposed so far utilize ionic salt solutions (e.g. MgCl, or NH4NO3)
as extraction agents for ion-exchangeable fractions of metals. The strong
acids or chelating agents are utilized in order to leach the organic-bound
fraction of metal ions.

Humic acids can be found as solids, colloidal solutions and also as
swollen hydrogels in the nature. Simple laboratory procedures were
proposed for preparation of model humic hydrogels (Martyniuk and
Wieckovska, 2003; Sedlacek and Kluc¢akova, 2009a, 2009b). A hydro-
gel form of humic acids enables not only modeling the material's
natural occurrence, but also brings some experimental benefits. It
simplifies the manipulation with humic samples and allows their
preparation in precise size and shape. As far as interactions between
HA and other compounds are concerned, the gel form can be consid-
ered a system allowing fixation of humic matrix in aqueous medium
while retaining its binding ability in the whole volume. Consequently,
not only physico-chemical interactions of the studied compound with
the humic content but also its simultaneous transport within the vol-
ume of the humic matrix are observed experimentally and the exact
effect of the interactions on the transport are monitored. In such ex-
periments, disturbance coming from mechanical and thermal convec-
tion of a liquid is markedly suppressed in the gel matrix compared to
the above phenomena in liquid state. All the above mentioned advan-
tages represent an outstanding support for the idea of studying
transport (i.e. diffusion) processes in humic hydrogels. Such diffusion
processes are (under appropriate experimental conditions) easily
observed; moreover, the mathematical apparatus used for data eval-
uation is well explained (Crank, 1956) and provides some standard
parameters - diffusion coefficients - that involve all interactions in
the system.

1.1. Diffusion experiments

In previous works (Klucdkova and Pekaf, 2004; Sedlacek and
Klu¢akova, 2009a, 2009b), diffusion experiments in humic hydrogels
were proposed and confirmed as suitable tools for the innovative
study of reactivity of HA. The main object of this paper is to supplement
the classical diffusion experiment in humic hydrogels with a sub-
sequent selective extraction of individual ion fractions from humic
matrices.

First part of the experimental procedure presented in the paper
deals with the transport of copper(Il) ions from aqueous solutions
into humic gel samples. Numerous undemanding methods of choice
for the study of diffusion in solid and semi-solid samples can be
proposed; for example, the article by Garcia-Gutiérrez et al. (2006)
gives in-depth summary of such methods. Pros and cons of individual
methods are exemplified by diffusion of both neutral (tritium) and
ionic (C17,17, S04, Na™, Ca®™...) substances in compacted bentonite.

In experiments presented in this paper, diffusion proceeded from
an aqueous solution of a copper(Il) salt into cylindrical gel samples
through both circular ends of the gel cylinder. Mathematically, the con-
cept of unsteady diffusion with chemical reaction in a semi-infinite
media was adopted concerning diffusion from time-variable source.
Mathematical description of such non-stationary transport phenomena
arises from the solution of Fick's law in the following form

dcg Oa%g .
=D et (1)

where ¢, is the concentration of copper(Il) ions at time ¢ and distance x
in a humic gel, D° is the value of diffusion coefficient of the ions in a gel
matrix without assuming any chemical interaction between the diffus-
ing compound and the environment (in other words, D° represents dif-
fusion coefficient of ions in a hypothetical hydrogel with the same
structural properties - e.g. porosity — as the real one, but without any
ability to bind diffusing compound) and i represents the rate of chem-
ical reaction between the ions and the humic matter in the gel.

If the Fickian character of the transport is preserved in the system,
Eq. (1) can be simplified as follows:

8_p - &
ot T8 ox* @

In this case, D stands for an “effective” value of diffusivity, a value
in which the effect of chemical reaction between copper(Il) ions and
HA is already involved.

From the analytical solution of Eq. (2), mathematical expressions for
the concentration profiles in the gel and for the total amount of diffus-
ing ions can be derived considering the conditions of the particular ex-
perimental design (for more details see Ref. Crank (1956) and Cussler
(1984)). In particular experiments, the time variation of concentration
of the solution is caused by the diffusion process, and the concentration
profile of diffusing substance in the gel can be expressed by equation

£ Cy

erfc X
(1+e,/DyD ~ /4Dyt

Cg:

3)

where ¢ is the ratio of concentration of copper(Il) ions in the gel and in
the solution at the interface between both media, ¢y is the initial con-
centration in the solution and D is the diffusion coefficient of copper(II)
ions in aqueous solution. The dependence of cumulative diffusion flux
(total amount of the transported ions) on time can be obtained in a
similar way in the following form

D, t
m - 2¢e¢y gl 4)

1+e,/DyD V T

The second term of the general Eq. (1) represents the rate of
chemical reaction between copper(ll) ions and HA and its exact
mathematical formulation arises from the particular kinetic model
of the interaction. For the first approximation, we can consider fast
immobilization with the existence of local equilibrium between mo-
bile and immobilized copper(Il) ions. It is described by equilibrium
constant K, which represents mathematically the proportionality con-
stant between immobilized and mobile copper(Il) ions. The higher is
K, the more pronounced is the immobilization of copper(Il) ions.
Eq. (1) then turns to the following form

dc,  o0°c;  0c,
a P ae Na ®)

and consequently

O, D' g, Oy ©)
ot 14K ox? & ox?

D°
bs=17x 7

Eq. (7) then defines mathematically, how the simple immobiliza-
tion of the ions affects the value of their effective diffusion coefficient.
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2. Materials and methods
2.1. Materials

Humic acids, studied in this work, were isolated by alkaline extrac-
tion from South-Moravian lignite (Klucakova and Pekar, 2004, 2005;
Sedlacek and Klucakova, 2009a). More details on chemical structure of
both the original lignite matrix and isolated HA can be found in previ-
ously published papers (Barancikova et al, 2003; Klucakova and
Pekaf, 2005; Peuravuori et al., 2006, 2007). Barancikova et al. (2003)
compared the lignite humic acids used in this work with samples
extracted from various soil types on the basis of UV-vis and '*C NMR
spectroscopy. The results showed that the lignite humic acids have
the lowest content of aliphatic C and the highest content of aromatic C
in comparison with other (soil) samples. Klu¢akova and Pekaf (2005)
described acid-base properties and dissociation behavior of the lig-
nite humic acids. They developed the model of partial solubility of
humic acids in aqueous solutions and determined their pK, values.
Peuravuori et al. (2006, 2007) studied structural features of lignite
and lignite humic acids by means of FT-IR, '*C NMR, 'H NMR and ther-
mal degradation experiments. The structural differences between orig-
inal lignite and extracted humic acids were relatively minor. The results
verified that certain aliphatic compounds have their special tasks in the
complicated structural network of the lignite humic acids in spite
of their relatively high aromaticity. Authors referred to surprisingly
large content of different carboxylic acids as their free-acid forms. The
structural interpretations performed by special 'H NMR pulse tech-
niques verified the complexity of aliphatic moieties, the presence of
hydroaromatic carbons, residual lignin derivatives, the abundance of
aliphatic and aromatic carboxylic acids and the ability of aliphatics
to form intermolecular bridges between aromatic building blocks.

Elemental composition of the studied humic sample is listed in Table 1.

Humic hydrogel was prepared by dissolving HA in 0.5 M NaOH
and acidifying the solution with HCl to value of pH close to 1. After
24 hours, the gel phase was separated from the solution by repeated
centrifugation followed by washing with deionized water. The con-
tent of dry matter all prepared humic hydrogels ranged between
14.8 + 1.6% (wt.).

All diffusion and extraction solutions were prepared using distilled
millipore water (milli-Q).

2.2. Methods

Diffusion experiments were carried out with HA in the form of
hydrogel. The gel was packed into the cylindrical glass tubes (length
3 cm, diameter 1 cm). These tubes were sunk into the source solution
of 0.05 M CuCl,. The copper(ll) ions diffused into the humic gels
through both circular planes at both ends of the tubes (Fig. 1).

In certain times (1, 3, 5, 7, 9, 11, 14 and 20 days), humic gel was
sliced and the diffused copper(Il) ions were extracted by selected
leaching solution from each slice separately. All gel slices from
the same tube were leached with the same extraction solution. The
used leaching agents were water, 1 M MgCl, and 1 M HCL. The solu-
tions were chosen on the basis of results published by Rauret
(1998) and Tessier et al. (1979).

Copper content in all prepared extracts were determined by the
means of an electrochemical analyzer EcaFlow 150 GLP. Obtained
data were used for computing the concentration profiles of copper(II)
ions in the tubes and diffusion fluxes (total amounts diffused in the
gel at given times).

Table 1
Elementary analysis of studied humic acids (normalized on dry ash free sample).
C H [0} N S
Atomic % 41.1 444 135 0.8 0.2

Fig. 1. Scheme of the diffusion of copper(Il) ions into the hydrogels.

The source solutions of CuCl, were analyzed by an UV-vis spec-
trometer (Hitachi U 3900H) before and after the diffusion experi-
ments. Diffusion fluxes were calculated from obtained decrease of
concentration of copper(Il) ions (caused by the diffusion process) in
these solutions. These values were compared to the diffusion fluxes
calculated for different fractions of diffusing copper(Il) ions as
the sum of copper(ll) ions extracted for individual slices of the gel
sample.

All the experiments were carried at laboratory temperature
(25 £ 1 °C) in triplicate. The results are expressed as the mean
values.

3. Results and discussion

The main goal of this work was the description of the interactions
between humic acids and copper(ll) ions in simple diffusion experi-
ments. Fig. 2 shows the concentration profiles of copper(Il) ions
extracted with three different leaching solutions after 24 hours. The
concentration profiles have the same symmetrical shape with the
minimum in the middle. As can be seen, the individual extractants
are able to leach different amount of copper(Il) ions, which corre-
sponds with their different affinity to the metal. Water is a weak
leaching agent, which can extract only mobile fractions of copper(II)
ions. In order to obtain the ion-exchangeable fraction of copper(Il)
ions 1 M MgCl, solution was used. But this agent is able to extract
the ion-exchangeable fraction as well as the mobile fraction, therefore
the real concentration profile of the exchangeable copper(Il) ions is
given by the difference between the data obtained for 1 M MgCl, so-
lution and those acquired for water. Similarly, the difference between
copper(Il) ions extractable by 1 M HCl and by 1 M MgCl, solution is
the fraction of strongly bound metal ions (Tessier et al., 1979 and
Rauret, 1998). The concentration of copper(Il) ions in the humic gel
cg ata given time t and distance x thus can be divided into three parts

Cg =Cg1 1+ Cga+Cq3, (8)

where cg1 is the concentration of the mobile fraction, cg is the
concentration of the ion-exchangeable fraction and cg3 is the

30 AN

concentration of copper(ll) ions
(mol-m-3yy)

20
10 \\\ /’/,,
i\\\ . A
0
0 5 30

distance from interface (mm)

Fig. 2. Concentration profiles of diffused copper (II) ions extractable by water (A), 1M
MgCl, ([1), 1 MHCI (O) after one day. Data fitted by theoretical Eq. (3) (dashed lines).
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concentration of the strongly bound fraction of copper(Il) ions. Using
water as the leaching agent, ¢g; can be measured directly. On the
other hand, the measurements carried out using other leaching
solutions give results corresponding with sums of concentrations:
Cg1 + Cg2 (1 M MgCly) and cgq + Cg2 + cg3 (1 M HCl). An accurate
determination of ¢y, Or Cg 3 at a concrete distance x is not possible be-
cause we are not able to measure concentrations at the same distance
x for all used extractants. As we can see in Fig. 3, the distance x can
change not only with the extraction agent but also with time. Time
development of concentration profiles in Fig. 3 shows also that the
minimum in the middle disappears gradually and the concentration
of copper(Il) throughout the gel is constant after several days. On
the basis of this fact, we determined & values for the individual
leaching solutions as the ratios of average concentration of copper(Il)
ions in the humic gel after twenty days (when the concentration is
constant and it does not depends on the distance x in the gel for all
used leaching solutions) and concentration of copper(ll) ions in the
solution surrounding the humic gel in tubes. The calculated values
of ¢ for the individual leaching solutions are listed in Table 2. For
1 M HCI as an extractant, the ratio of concentration of copper(Il)
ions in the gel and in the solution at the interface between both
media is higher than 1. It corresponds with the character of chemical
reaction between humic acid and copper(lI) ions in the diffusion pro-
cess. The strongly bound metal ions are not able to diffuse in the gel
and they are “invisible” for this process, because their chemical char-
acter differs from that of the diffusing copper(ll) fraction. Similar
situation can be observed in the case of MgCl,, where ¢ value is
close to 1. Although we cannot subtract a profile from another one,
we can determine ¢ values for individual copper(II) fractions because

measured concentrations are not dependent on distance x after twen-
ty days. Therefore we can calculate ¢ value for an ion-exchangeable
fraction as

g:cg'l +cg‘2_cg7‘1’ ©)

c c

where the first fraction on the right side can be determined using
1 M MgCl, and the second one by water as an extractant (c is the
concentration of copper(ll) ions in solution surrounding humic gel);
¢ value for a strongly bound fraction can be determined analogously
as the difference between data obtained using 1 M HCl and 1 M Mg(l,

& — Cg1 +Cg2+Cy3 _ Cg1+Cg2
c c ’

(10)

The ¢ values computed for the individual fraction of copper(Il)
ions, presented in Table 3, were utilized for the determination of dif-
fusion coefficients Dg. Our experiment was designed as the diffusion
of copper(ll) ions from the solution with time-variable concentration
(Crank, 1956; Cussler, 1984; Sedlacek and Klu¢akova, 2009a). It means
that the concentration of copper(Il) solution decreases gradually during
diffusion of the metal ions into humic gel. If we assume that the value of
D in the solution is equal to the published value for copper(Il) ions in
water D = 143 x 1072 m? s~ ! (Lide, 1995), we can compute the
effective value of diffusivity Dy by means of Eq. (4). The dependence
of total diffusion flux on the square root of time for the individual
extractants and also for the individual copper(Il) fractions is shown in
Fig. 4. In an ideal case the constructed dependences should be linear
for all three used extractants and all three fractions of extracted ions.
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Fig. 3. Time development of concentration profiles of diffused copper (II) ions extractable by 1 M MgCl, (A) and 1 M HCI (B). The profiles after 1 (O), 3 (A), 7 (x), 11 (¢) and 20 ([J)

days are shown.
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Table 2

The computed values of effective diffusivity in humic gel Dy, ratio of concentration of copper(lI) ions in the gel and in the solution ¢ and apparent equilibrium constant K for the

individual extractants.

Extractant Dg (m?s™')? g K
Water 211 x 1071+ 1.90 x 10712 317 x 107" £ 167 x 1072 0
MgCl, 537 x 1071% £ 2,10 x 1072 869 x 107! £ 725 x 1072 1.55 x 10° + 1.03 x 10"
HCl 140 x 107 + 1.98 x 10~ 12 1.89 x 10° + 8.04 x 10~2 5.65 x 10° + 4.04 x 1072

2 DO for water used as an extractant.

Table 3

The calculated values of effective diffusivity in humic gel Dy, ratio of concentration of copper(Il) ions in the gel and in the solution (¢) and apparent equilibrium constant K for the

individual copper(Il) fractions.

Fraction

Dy (m?s™')?

&€

K

Mobile
lon-exchangeable
Strongly bound

211 x1071% £ 1.90 x 10712
5.03 x 1071% & 3.31 x 10712
375 x 10710 £ 242 x 10712

317 x 107" £ 1.67 x 1072
552 x 107! & 4.44 x 1072
1.02 x 10° + 7.64 x 1072

0
1.39 x 10° &+ 7.36 x 1072
7.81 x 107! £ 2.70 x 1072

2 DO for the mobile fraction.

It is apparent, that for shorter duration of diffusion experiments all
three curves provide linear dependence of diffusion flux on the square
root of time as had been assumed according to the mathematical appa-
ratus. All three dependences start to deviate from linear trend with in-
creasing duration of diffusion experiments — the diffusion fluxes start
to slow their increase with square root of time. Since the duration of
diffusion experiment about 9 days, the fluxes stay constant.

>

14+

12
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diffusion flux (mol-m—2)

0.2 4

The total fluxes for the individual copper(Il) fractions in humic gel
are calculated as the differences between measured diffusion fluxes of
the individual extractants. The diffusion flux of the ion-exchangeable
fraction is a difference between 1 M MgCl, and water. Analogously,
the strongly bound fraction is a difference between 1 M HCI and
1 M MgCl,. The diffusion fluxes could be subtracted because they do
not depend on distance x, they were always measured for the whole
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Fig. 4. The dependence of diffusion flux on square root of time (Eq. 4) for total diffusion fluxes determined using the individual extractants (A): water (@), 1 M MgCl, (A), 1 M HCI
(m); and for diffusion fluxes computed for the individual copper(Il) fractions (B): mobile (O), ion-exchangeable (A), strongly bound (). Linear parts of the dependences are fitted

with lines.
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Fig. 5. The comparison of diffusion fluxes determined using 1 M HCl as extractant (empty columns) and results determined from the decrease of concentration of CuCl, solution

during diffusion (full columns).

sample of humic gel in a given glass tube. The values of D, were com-
puted from the slopes of lines in Fig. 4. While the values in Table 2 are
average ones valid for all fractions extractable by a given leaching
solution, the values listed in Table 3 were computed for individual
copper(ll) fractions. In order to verify the determined Dg values we
computed concentration profiles for the individual extractants and
compared them with the experimental data. Selected data fitted by
Eq. (3) are shown in Fig. 2. Good agreement between experiment
and theory is apparent. In this case, Dy stands for an “effective”
value of diffusivity, a value in which the effect of chemical reaction
between immobilized and diffusing copper(II) ions is included. If we
assumed that the diffusivity determined for the mobile fraction
using water as extractant is D° and the value is influenced only by
space arrangement of humic acid in the gel but not by the chemical
reaction, we can compute also the apparent equilibrium constant K
by means of Eq. (7). The value of K is then equal to 0 for the mobile
fraction. The determined values are designated as “apparent” ones
because the chemical reaction between copper(Il) ions and humic
acids in gel can be more complex than the simple transformation of
“free” metal ions into immobilized ones, for example H* ions can
split off in reaction of metal ions with COOH functional groups. It is
interesting that K value is higher for ion-exchangeable copper(Il)
ions in comparison with the strongly bound ones (see Table 3). The
above might be caused by affinity of acidic functional groups to
copper(Il) ions which is higher that affinity of other binding sites to

1.4+
1.2 1
1.0 1
0.8 4
0.6 4

0.4

diffusion flux (mol-m-2)

0.2

0.0 -
1 3 5

7

copper(Il) ions (for example aromatic structures) (Kluc¢akova and
Pekar, 2006).

The solution of 1 M HCI was proved as the extraction agent able to
leach all copper(II) ions in humic gel. This was concluded by compar-
ison of experimental data and results acquired from the decrease of
concentration of copper(Il) ions in a particular solution surrounding
humic gel (see Fig. 5). Although HCl solution was used as 100% effec-
tive leaching solution also in previous works (Klu¢akova and Pekaf,
2004 and Klucakova and Pekar, 2009), the verification of its efficiency
is very important. It was observed, that the efficiency decreases, if
the content of copper(Il) ions is very high and then the stronger
extractant (e.g. EDTA) has to be used (Sedlacek and Klucakova,
20093, 2009b).

Simultaneously, our results showed that the dependence of diffu-
sion fluxes on square root of time for extraction with water corre-
sponds to the changes of diffusion flux for mobile fractions of
ions during the experiments. It is obvious that, the distribution of
copper(Il) ions between the fractions stays constant after passing
certain time (see Fig. 6). This indicates equilibrium between the frac-
tions, which is created and then maintained during the experiments.

4. Conclusions

The aim of this work was to explore the interactions between
humic acids and copper(ll) ions in diffusion. The research method

9 11 14 20

duration of diffusion experiments (days)

Fig. 6. The time dependence of diffusion fluxes of the individual copper(Il) fractions: mobile (black), ion-exchangeable (gray), strongly bound (white).
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combined the diffusion experiments with selective extraction of dif-
fused ions. The common view on diffusion experiments as a method
for studying the mobility of metals in chosen matrices was extended
with the study of bond strength. The results showed that the interac-
tions between copper(Il) ions and humic acids can be classified into
some main fractions, which corresponds to used extractants. In our
case, water, 1 M MgCl, and 1 M HCl were chosen as leaching solu-
tions. The distribution of copper(Il) ions stayed constant after passing
certain time. This indicates existence of an equilibrium which was
created and maintained during the experiments. The obtained results
showed that the used combination of methods is suitable for the
study of mobility of metals and interactions between the metals
and humic matrices that are considered as the main reactive parts
of soils in nature.
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ABSTRACT

The complexation of charged compounds by humic acids represents the process of exceptional environ-
mental importance. Nevertheless, traditional methods utilized in the complexation studies do not
address the way, how these interactions affect the transport of ions in humic-rich environments. To over-
come this dilemma, the diffusion cells technique is proposed as an innovative reactivity mapping tech-
nique. Using this method, the diffusion of methylene blue was studied in aqueous solutions and in
agarose gels with and without the addition of humic acids. Experimental results clearly illustrate the
immobilizing effects of humic acids on the transport of methylene blue in gels. The partitioning of meth-
ylene blue at the solution-gel interface and the specific interactions between methylene blue and humic
acids is discussed on the basis of experimental data. Effective structural parameters of hydrogels (effec-
tive porosity, tortuosity factor) were calculated, as well as some standard diffusion and interaction

parameters (diffusion and partition coefficients and apparent equilibrium constants).

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Humic acids (HA) represent the crucial component of many
non-living parts of nature, such as soils, waters and sediments,
where they - in diverse colloidal forms - play numerous irreplace-
able environmental roles. In soils and sediments, precipitated hu-
mic acids impact the porosity and act as sorbents and reservoirs
of water and different kinds of chemicals 1], while, in water aqui-
fers, dissolved HA serve as important colloidal carriers of solutes
[2,3]. HA also represent a promising raw material. Many potential
applications of HA in agriculture, industry, environmental engi-
neering and even in medicine are proposed [4-6]. Exact structure
of humic acids is still unknown - controversy lasts on whether
HA are of macromolecular or supramolecular (i.e. aggregate) nat-
ure [7] - anyway, high content of diverse functional groups (e.g.
carboxyls, phenols, aromatic rings) gives to these compounds an
outstanding ability to bind solutes of various chemical nature.

It is generally accepted, that the mobility of ionic compounds in
soils and waters is affected by their interaction with negatively
charged dissolved or precipitated humic acids (HA) [4,8,9]. lon-
HA interactions are thus essentially of an electrostatic origin, but
due to diverse degree of structural complexity of HA, it is not pos-
sible to explain or predict the destiny of ions in humic matrices

* Corresponding author. Tel.: +420 54114 9486; fax: +420 54114 9398.
E-mail addresses: sedlacek-p@fch.vutbr.cz (P. Sedlacek), xcsmilek@fch.vutbr.cz
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universally. For the experimental study of ion-HA interaction,
the inspiration can be drawn from the studies on ion binding by
standard polyelectrolytes (e.g. charged biopolymers like chitosan,
hyaluronan or others). Many works were published on theoretical
modeling of interaction between low-molecular ions and such
compounds on the molecular scale [10-12], nevertheless, to our
best knowledge, there is no standard experimental methodology
utilized routinely in the observation and quantification of ion-
polyelectrolyte matrices and their influence on the rate of
transport in these systems. The most widespread experimental
approaches are still based on simple adsorption experiments
[13-16], nevertheless, the batch sorption approach brings several
serious drawbacks as far as humic substances are utilized. For
example, the size of colloidal humic particles is of a great impor-
tance; the homogenous distribution of particle sizes in such colloi-
dal forms as sols or suspensions is always questionable and the
interactions/sorption in such systems can be limited just to the
surface of the particle. The actual experimental conditions - e.g.
the rate of agitation of the mixture - play a crucial role as well.
Simple experimental techniques for the study on solutediffu-
sion in hydrogels prepared from humic acids put forward an inter-
esting experimental alternative, as was discussed in details in our
previous works [17-20]. Such diffusion processes are easily realiz-
able; the mathematical apparatus for the data evaluation is well
explained [21] and provides some reasonable parameters - e.g.
apparent diffusion coefficients — the values of which involve the
interactions in the system. A comprehensive handlist of several
simple laboratory methods is presented in [22,23]| for the
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Nomenclature

o rock capacity factor (-)

B cell constant (m2)

Eeff effective porosity (-)

() partition coefficient (-)

D,pp apparent partition coefficient (-)

n dynamic viscosity (Pas)

A pre-exponential factor for diffusion coefficient (m?s~1)
c molar concentration (subscript D refers to the donor

solution, subscript A to the acceptor solution and sub-
script “gel” represents the concentration inside hydro-
gel) (mol m~3)

Do free solution diffusion coefficient (m?s™!)

D. effective diffusion coefficient (m? s~ 1)

D, apparent diffusion coefficient (m?s™!)

En activation energy of diffusion (J mol~1)
oscillation frequency (Hz)

|G| complex modulus magnitude (Pa)

Ja steady-state diffusion flux (mol m=2s1)

k Boltzmann constant (J K1)

apparent equilibrium constant (-)

sample thickness (m)

actual distance traveled by diffusant (m)

total solute mass absorbed in gel (mol)
Stokes-Einstein radius of solute (m)

ideal gas constant (J mol~! K~1)

time (s) (for better comprehensibility, the time unit is
changed from seconds (s) to hours (h) in the figures
and tables)

tL time lag (s) (for better comprehensibility, the time unit
is changed from seconds (s) to hours (h) in the figures
and tables)

temperature (°C)

absolute temperature (K)

tortuosity factor (-)

weight concentration ( wt.%)

direction of diffusion (m)

e~ e~
&
=]
o

)

A= B 1

Xsé-]'-ﬁ"*

experimental arrangement of the diffusion experiment. For the
routine determination of diffusion coefficients in semi-solid sam-
ples (like hydrogels), the method of the diffusion cells (alterna-
tively called the diaphragm, Stokes or Franz cells) represents the
method of choice [24-27].

The main objective of this work was to test the applicability of
the method of diffusion cells to study the interactions between hu-
mic acids (HA) and the model organic dye - methylene blue. In our
previous works, several laboratory techniques were used in order
to study the diffusion of ions in gel prepared from controlled coag-
ulation of alkaline humic acids solutions simply by the decrease of
their pH [17-20]. This humic gel reasonably modeled natural envi-
ronments with homogenously distributed, partially dissolved, par-
tially highly swelled solid humic substances. On the other hand,
this hydrogel form was not suitable for the in-depth studies on
the interactions between the humic content of gel and a diffusing
solute, because such elementary properties of gels as the inner
pH or relative content of HA were difficult to control. The prepara-
tion of interpenetrating polymer network (IPN) gels [28] from hu-
mic acids in a supporting gel-forming polymer is proposed to
overcome these difficulties. Agarose (linear polysaccharide of red
algae, made up of the repeating monomeric unit of agarobiose)
was used as a supporting polymer in the experiments presented
in this paper. The network of agarose chains is interpenetrated
by molecules of HA at higher temperatures where both compounds
are dissolved (>60 °C) and the mixture is then easily gelled by cool-
ing to normal temperature (~20 °C). The mechanical and textural
properties of agarose hydrogels as well as the gelation mechanism
are well understood [29-31]. In the IPN hydrogels used in the pre-
sented paper, HA are immobilized and their reactive groups are
homogenously distributed in the supporting agarose matrix.

The diffusion in agarose gels has already been subjected to a
vast concern. Golmohamadi et al. [32] studied the self- and mu-
tual- diffusion of Cd®* and organic cations in agarose hydrogel by
means of fluorescence correlation spectroscopy and the diffusion
cell method, respectively. The gel’s Donnan potential was mea-
sured and used for the explanation of discrepancy between the re-
sults of the mutual and self-diffusion measurements and of the
pronounced enhancement of cation concentrations in hydrogel.
For agarose hydrogels, the diffusion cells were utilized in deter-
mining the diffusion coefficient of e.g. humic acids [33], proteins

[34] or ethanol [35]. Other authors subjected agarose gels to other
techniques for determining the diffusion coefficients such as the
refractive index measurement [36], electronic speckle pattern
interferometry [37], fluorescence correlation spectroscopy [38] or
fluorescence recovery after photobleaching [39].

Methylene blue (MB) is well-known cationic organic dye, com-
monly used for dying cotton, wood and silk. As can be generalized
for all organic dyes, its transport in nature is the matter of concern
from both toxicological and aesthetical point of view. Many works
focused on the sorption of methylene blue and other cationic dyes
on humics and humic-rich materials in last decades. Guy et al. in
their study on organocation speciation in natural waters [40]
determined the sorption isotherms for MB on humic acids at differ-
ent solution pH values and KNOs; concentrations. The variation of
pH was not found to play an important role during the sorption
process. In the desorption studies it was found, that more than
50 wt.% of MB remains bound to HA at pH = 1 on contrary to other
sorbates (paraquat, Cu?*). Sheng et al. introduced a new photomet-
ric method which evaluates the adsorption capability of humic
acids for another cationic dye - toluidine blue - from the difference
between visible spectra of dye and dye-HA complex [41]. Contrary
to previous authors, they found the pH and ionic strength to
strongly influence the dye sorption on humics. Zhou et al. [42] pre-
sented a considerable enhancement of both the adsorption rate
and the capacity of Fes04 nanoparticles for the MB sorption by
coating these particles with humic acids. Moreover, the MB
desorption ability and the reused performance of Fe;04/HA nano-
particles were also excellent. Jano$ [43] proposed iron humate as
a cost-effective sorbent of basic dyes. Experimental data on sorp-
tion of several dyes including MB were evaluated by the multisite
Langmuir isotherm model and gave the sorption capacities ranging
from 0.01 to 0.09 mmol/g for individual dyes (0.03 mmol/g for
MB). The leachability of dye from the loaded sorbent was found
to be very low, especially in water. The sorption of methylene blue
was only slightly affected by pH and the presence of inorganic
salts, the presence of anionic surfactant (sodium dodecyl sulfate),
however, dramatically enhanced the sorption of MB. In other
works [44,45], the author studied the sorption of cationic and an-
ionic dyes on oxihumolite - kind of oxidatively altered young
brown coal that originated on the surface of lignite deposits by
post-sedimentary oxidation. This material is composed of up to
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70 wt.% by humic substances. The authors identified the interpar-
ticle diffusion processes as the main mechanism controlling the
rate of the dye sorption. Fernandes et al. analyzed the removal of
MB from aqueous solutions by peat, another humic-rich material
[46]. The kinetics studies and the determination of adsorption iso-
therms were performed at different initial concentrations of MB
and at three different temperatures. Fast equilibration of the sorp-
tion process was found - after 4.5 h, the equilibrium was reached
at all studied temperatures. All the above mentioned examples
clearly illustrate that the interactions between humic acids and
organic dyes are a topic of an outstanding concern. The compre-
hensive reviews can be found summarizing the relative studies
on the application of peat, coal and other diverse biomaterials as
low-cost sorbents for removal of organic dyes [47,48] or MB in
particular [49].

2. Theory

The method of diffusion cell (or through-diffusion method) repre-
sents one easy way to study the diffusion experimentally. In the
presented work, the diffusion cell apparatus (see Fig. 1) was
applied in order to study the diffusion of charged compound
(methylene blue) in aqueous solution and in polyelectrolyte hydro-
gels, respectively.

In order to determine the diffusion coefficient of a solute in
water (or other solvent), one compartment of the diffusion cell is
filled with a solution of known concentration of the solute and
the other with the solvent. The compartments are separated with
a porous diaphragm - a glass frit, special membrane or even a piece
of filter paper. The solute concentration in the compartments then
changes with time according to equation (see e.g. [23]).

(o —ca)

In
where Dy is the diffusion coefficient of a solute in the solvent (com-
monly called free solution diffusion coefficient), (cp—ca)o and (cp—ca)t
represent the difference between molar concentrations of diffusing
matter in donor and acceptor compartments at time O and ¢, respec-
tively. Coefficient 8 is the geometrical parameter (called ‘cell con-
stant’) which specifies the apparatus and the membrane. In order
to determine an unknown diffusion coefficient of studied solute in
water, the diffusion cell apparatus is at first calibrated with an
aqueous solution of a solute with well-known diffusivity. For this

purpose, KCl is commonly used (the method of calibrating the cell
with KCl is described in details in [50]).

From the value of free solution diffusion coefficient Dy, the
Stokes—Einstein radius r of the diffusing solute can be calculated
as follows

kT

Do = 67mnr

(2)

where k is the Boltzmann constant, T is the temperature and # is the
viscosity of the solvent. Besides, from the dependence of Dy on the
temperature, the activation energy of diffusion E, can be calculated
according to the general Arrhenius equation

Do = Aexp <— %) 3)

The diffusion cell apparatus can simply be utilized also in the
experimental studies on solute diffusion in porous materials. In
these experiments, the diffusion cell compartments are separated
by the studied porous specimen and the solute concentration in
the acceptor compartment is measured as a function of time.
Fig. 2 shows typical breakthrough curve obtained experimentally.
As can be seen, the breakthrough curve shows two distinct parts,
in the first part, which corresponds to the transient stage of the
diffusion process, the solute penetrates from the donor compart-
ment through the porous specimen - i.e. through a hydrogel in this
work. Therefore, the concentration of the diffusant in the acceptor
compartment is initially equal to zero and then (after its penetra-
tion through the hydrogel) slowly increases. At this stage, the
transport of solute is driven by the time-dependent concentration
gradient across the hydrogel, which comes from the unequal initial
concentrations of the solute in both compartments of the diffusion
cell apparatus. In the diffusion cell experiments, the transient stage
of the process is characterized by the time lag t; representing the
x-axis intercept of the steady state portion of data, see Fig. 2).

Soon after the penetration of solute through the hydrogel, its
concentration in the acceptor cell starts increasing linearly as the
second - steady-state - stage of the diffusion process comes into
act. At this period, the concentration difference between the oppo-
site boundaries of the hydrogel specimen remains constant and a
linear concentration profile of the solute across the gel is estab-
lished. Due to the constant concentration difference, also the value
of diffusive flux Jq, (i.e. the rate of change in the mass of solute per
unit cross-sectional area perpendicular to the direction of
transport; in mol m—2 s~!) is time-independent during the station-
ary diffusion stage.

Fig. 1. Schematic representation of applied diffusion cell apparatus (drawing not to scale).
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Fig. 2. Concentration of the solute in acceptor compartment as function of time
(1 wt.% agarose hydrogel, 25 °C).

For the processing data from the diffusion cell experiments with
porous materials, the theoretical model summarized by Shackel-
ford and Moore (see [51]) was applied in this work. This theory
is based on the assumption that the porous character of medium
essentially affects the diffusion of a solute in two general ways.
First, reduced cross-sectional area is available for the diffusive
mass flux of the solute relative to the macroscopic cross-sectional
area (because we assume that solute simply cannot penetrate into
solid phase). Second, the existence of impenetrable solid phase re-
sults in more tortuous transport (solute pathway meanders
through the medium). As a result, modified Fick’s first law gives
the formula for the steady-state diffusive flux of the solute through
the porous specimen (the flux which stays constant during the sec-
ond stage of the diffusion cell experiment):

]d = ;:L:DO Aigel =D,

Dy is the free solution diffusion coefficient, Acg is the constant
difference of molar concentration of the solute across the hydrogel
specimen of thickness L, g is the effective porosity of the medium
and Ty, is the tortuosity factor, defined as follows

e s

where L. is the actual distance, traveled by a molecule of solute
when overcoming a macroscopic distance L. Both structural effects
are summarized in the value of effective diffusion coefficient De.

The concentration difference between the opposite boundaries
of gel is not necessarily equal to the concentration difference be-
tween the solutions in donor and acceptor compartments, because
hydrogel in a fact represents different phase than aqueous solution
and a phase-equilibrium is established at the solution - gel inter-
face. When the partitioning of the solute takes place between the
two phases, a discontinuity in the concentration of solute at the
interface occurs (see e.g. [52]), described by the following condi-
tion of phase equilibrium:

Acgel
. )

Cgel _

-0 (6)
where the partition coefficient ® describes the distribution of solute
between solution (molar concentration c¢) and hydrogel (molar con-
centration cge) at both boundaries of the specimen. The steady-
state diffusion flux can be then expressed in the terms of constant
difference between solute concentrations in the donor and acceptor
solutions (Ac = cp—cp)

A
Jo= @D (7)

The transient stage of the through-diffusion process follows dif-
ferent rules than the steady-state stage. While in the steady-state
stage the hydrogel is partially saturated by the diffusant and its
distribution in the hydrogel does not change, the transient diffu-
sion is affected by specific interactions between the solute and so-
lid phase. The interactions proceed gradually with the movement
of the diffusion front through the hydrogel and only after its break-
through into the acceptor compartment the chemical equilibrium
can be established in the whole hydrogel volume. Modified Fick’s
second law for the diffusion in porous media can be written as
follows

ac _D.dc  dc g
%o Do ®)

This equation introduces the apparent diffusion coefficient D, and
the rock capacity factor o, which represents the ability of hydrogel
to interact with the diffusant and to immobilize it in the internal
hydrogel structure [51]. If the linear, reversible and instantaneous
sorption of the solute on the solid content is assumed, the rock
capacity factor can be expressed in the terms of apparent equilib-
rium constant of the sorption

o = Eerr (1 + Kapp) 9)

where the apparent equilibrium constant K,p;, represents a sorbed-
to-free solute mass ratio. In the through-diffusion experiments, the
transient stage of the diffusion process is characterized by the time
lag t;, which is inversely proportional to the apparent diffusion
coefficient according to (for the exact derivation, see [53])

LZ
6D,

Egs. (9) and (10) are based on the following assumptions (for
details, see Ref. [51]): if the solute cannot penetrate into the solid
phase and diffuses only in the hydrogel pores filled by a solution,
the time lag is not dependent on the pore cross-sectional area
but only on the shape and real length of diffusion pathway in the
internal pore structure of the hydrogel and the migration can be
accompanied by specific interactions between the solute and the
solid phase. In this case, the diffusant (small in comparison with
pore size) behaves like the particle inside the ‘tube’ of complicated
shape (with potentially reactive walls) and the duration of its
migration through the tube is not affected by the tube diameter
(the porosity inside the tube is equal to 1) but only by its effective
length expressed by the tortuosity factor T, and the chemical
affinity of diffusant with solid phase around the tube represented
by the apparent equilibrium constant K,pp,. Because the Fick’s first
law (Eq. (4)) is valid for the steady-state diffusive flux of the solute
through the whole hydrogel specimen, the value of its effective
porosity g as the portion available for the diffusion has to be used
for the definition of the hydrogel rock capacity factor o (see [51]).

From the presented mathematical model, it can be seen, how
the information about the chemical interactions between the sol-
ute and solid content of the porous medium can be extracted from
through-diffusion data: at first, the values of apparent and effective
diffusion coefficients are determined from the transient and stea-
dy-state stages of the breakthrough curve and, from their ratio,
Kapp is calculated if the effective porosity of the medium is known.

= (10)

3. Materials and methods
3.1. Chemicals
Agarose (routine use class, <10 wt.% moisture content) and

methylene blue hydrate (C.I. Basic Blue 9, dye content, >95 wt.%)
were purchased from Sigma-Aldrich and used without further
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purification. Humic acids were isolated by alkaline extraction from
South-Moravian lignite [17,19,54]. The total acidity and the con-
tent of carboxylic groups in HA were determined by means of
potentiometric and conductometric titration on Schott TitroLine
Alpha utilizing the methods of Riggle and von Wandruszka [55]
and the standard Ca-acetate method [56], respectively. More de-
tails on the chemical structure of both the original lignite matrix
and isolated HA (elemental and spectroscopic analysis), can be
found in previously published papers [54,57].

3.2. Preparation of hydrogels

All hydrogels, utilized in subsequent diffusion experiments,
were prepared via the thermoreversible gelation of aqueous solu-
tion of agarose. Agarose hydrogels (without addition of HA) were
prepared from the aqueous solution of agarose (1, 2 and 4 wt.%),
while agarose/HA gels from the aqueous solution of both agarose
(1 wt.%) and HA (0.002, 0.005 and 0.010 wt.%).

A simple gelation procedure was applied: accurately weighted
amount of agarose powder was dissolved in deionized water (prep-
aration of agarose gels) or in aqueous solution of HA of the corre-
sponding concentration (preparation of agarose/HA gels),
respectively. The mixture was slowly heated when stirring contin-
uously to 80 °C, maintained at the temperature until the occurence
of the transparent solution. The solution was subsequently de-
gassed in ultrasonic bath for 1 min. (at 80 °C) and slowly poured
between two glass slides placed on the opposite sides of plastic
ring mold (the mold and the slides were pre-heated to 80 °C to pre-
vent rapid cooling of the mixture at the contact with the mold).
Upon the cooling to room temperature, the mixture gradually
solidified into the cylindrical hydrogel plate sample (40 mm in
diameter and 5 mm thick). The removal of the glass slides after
the solidification resulted in obtaining the hydrogel sample, fixed
in the plastic mold, with two smooth circular surfaces in contact
with surrounding environment.

To verify that HA would not be released from the agarose/HA
samples during the diffusion experiments, UV-VIS spectra were ta-
ken at different times of leaching of the hydrogels in deionized
water. It was determined that less than 5% of the original content
of HA is released during 5 days of the leaching experiment.

3.3. Rheometric characterization of hydrogels

To compare the viscoelastic properties of all prepared hydro-
gels, 1 mm thick samples of gel were introduced into AR-G2 rhe-
ometer (TA Instruments Ltd.) equipped with a Peltier plate for
the temperature control using a plate-plate geometry (titanium,
40 mm diameter) and the Rheology Advantage Instrument Control
AR software. Silicon oil was used to prevent drying of gels and gels
were left to relax for 5 min. The rheometric parameters (the stor-
age and the loss moduli) were then measured at 25 °C, at the strain
of 0.05% and for the frequency range of 0.01-1 Hz.

3.4. Diffusion experiments

The diffusion studies presented in this paper were divided into
three separate experimental sections. In the first one, the diffusion
of the model low-molecular dye - methylene blue — was studied in
aqueous solution by the method of diffusion cell using well-de-
fined inert membrane as a diffusion barrier. In the following steps,
the diffusion cell experiments with methylene blue were repeated
with the application of non-reactive (agarose) and reactive (aga-
rose/HA) hydrogels, respectively, as the diffusion barriers.

3.5. Diffusion cell apparatus

The water-jacketed side-by-side diffusion cell apparatus by Per-
megear Inc. was utilized in the experimental work. The schematic
diagram of the apparatus is shown in Fig. 1. The cell volumes were
60 cm® and the diameter of the circular orifice was 40 mm. A circu-
lating water bath was used in order to perform the experiments at
specific temperatures. The continuous stirring of solutions in the
donor and acceptor compartments at constant rate (250 RPM)
was arranged by magnetic stirrer.

3.6. Determination of diffusivity in aqueous solutions

Before the determination of diffusivity of methylene blue in
aqueous solution, the apparatus was calibrated with a
100 mol m—2 KCl solution; the diffusion proceeded from the KCl
solution (donor compartment) to deionized water (acceptor com-
partment) at 25 °C through the Spi-pore™ polycarbonate mem-
brane with 2 um pore size. This membrane is suitable for the
diffusion experiments, because it contains uniform cylindrical
pores preferentially etched into the membrane, allowing an even
distribution of a diffusing compound in one plane across the entire
exposed membrane surface. The conductivity in the cells was mea-
sured in order to observe the changes in KCl concentration.

In the next step, the diffusion coefficients of methylene blue in
aqueous solutions were determined at 25, 40 and 50 °C, respec-
tively. In these experiments, 10 g m—> solution of MB was used as
a donor solution and the VIS absorption spectra were collected
automatically in the acceptor solution (initially deionized water)
by the fiber spectrometer USB 2000+ (Ocean Optics, Inc.) equipped
with the optical fiber dip probe. No samples were taken from the
cells and the total volumes of the solutions hence stayed constant
during the diffusion experiment. The Spi-pore™ membrane was
applied in these experiments, again.

3.7. Through-diffusion experiments with hydrogels

The diffusion experiments with the hydrogel samples (both
agarose and agarose/HA) were performed in the similar way, only
the membrane was replaced by the 5 mm thick hydrogel sample
fixed in the plastic mold, tightened in the apparatus by the silicon
seal. 10 g m~3 MB solution was used as a source of diffusing MB
and the VIS absorption spectra of the acceptor solution were con-
tinuously collected, again. After the termination of the diffusion
experiment, the absorbance was measured in both cells. For every
experiment, the values of the steady-state diffusion flux and the
time lag were derived from linear regression of the line part of
the break-through curve. Besides, the total mass of methylene blue
absorbed in the hydrogel specimen was determined from the mass
balance in the diffusion cell compartments at the initial and the
final state.

The reproducibility of the method of diffusivity determination
in hydrogels was tested by repeated (5x) experimental determina-
tion of the steady-state diffusion flux and the time lag of MB using
1 wt.% agarose hydrogel (without addition of HA). The standard
relative deviation of the diffusive coefficient was about 5%.

5. Results and discussion

Presented diffusion experiments were designed in order to de-
scribe separately the three major effects which act together giving
an overall influence on the transport of ionic solutes in reactive
hydrogels. These effects are: (i) partitioning of the solute at the
solution/gel boundary, (ii) lower permeability caused by porous
character of the hydrogels, and finally (iii) specific physico-
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chemical interactions between the solute and reactive content of
the solid hydrogel network (e.g. sorption). For this purpose, the dif-
fusion of the model dye - methylene blue — was studied separately
in water, in hydrogels which can be regarded as non-reactive
(agarose hydrogels) and in hydrogels with small addition of a
highly reactive humic component (agarose/HA hydrogels). The
differences in determined diffusion characteristics of these envi-
ronments can be used for the evaluation of relative significance
of the individual above-mentioned effects.

5.1. Diffusivity of methylene blue in aqueous solutions

In Fig. 3, the time dependence of the solute concentration in
acceptor compartment (i.e. the breakthrough curve) is shown both
for KCI (reference solute) and MB. The values of the free solution
diffusion coefficient Dy of MB, calculated using Eq. (1) were
(8.44%0.09) x 1071°m2s~! (25°C), (1.29+0.01) x 10 °m? s!
(40°C) and (1.64 £ 0.01) x 102 m?s~! (50 °C). The standard error
values were determined from the error of linear regression in the
single experiment. The values of diffusivity agree with the values
determined by Leaist [58] and by Hori [59] by means of conduc-
tometry and the modified diaphragm cell method, respectively.
The diffusivity in water can be utilized in calculating apparent
Stokes radius of MB using the fundamental Stokes-Einstein equa-
tion (Eq. (2)). The calculated value (0.27 + 0.02 nm) is consistent
with the molecular dimensions of MB (0.5 x 0.1 x 0.3 nm) as well
as with the experimental value which Hogan determined by means
of triplet anisotropy decay (0.36 nm, [60]).

As can be seen in Fig. 4, the increase of diffusivity with the tem-
perature fits the linearized Arrhenius relation (Eq. (3)) which al-
lows the determination of activation energy of the diffusion.
Calculated value of the energy (21.4 k] mol~') is in good agreement
again with the published value (19.5 k] mol~! calculated by Hori
[59]). Hori interprets the value as the energy required to form a
hole for a diffusion “jump” to take place in the diffusion medium
(water).

5.2. Diffusivity of methylene blue in the agarose hydrogels

For the purposes of this work, agarose hydrogels were used as a
model porous medium, in which no or little specific chemical inter-
actions between the diffusing solute and the solid content are ex-
pected. This presumption is difficult to verify directly,
nevertheless, it is supported by the very few published works on
the sorption of similar solutes on agarose (to our knowledge, only
the authors of [61] have dealt with the topic) and by the results of
diffusion experiments discussed in [32]. As will be explained later
in this section, our experimental data indicate the correctness of
this presumption as well.
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Fig. 4. Arrhenius plot for the estimation of activation energy of diffusion (diffusion
of methylene blue in aqueous solution).

As evident from Table. 1, the value of the steady-state diffusion
flux (calculated from the slope of linearly increasing branch of a
breakthrough curve) gradually falls with the dry solid content of
the hydrogel, while the time lag seems to be independent of the
dry solid content of the gel for all three studied temperatures. Be-
sides, hydrogels with higher dry solid content show evident in-
crease in total absorbed dye. The amount of dye in hydrogels
related to the mass unit of dry agarose decreases with increasing
solid content, which is caused by structural changes of hydrogels
with the higher agarose content. Deeper processing of the data
according to the model described in chapter 2 (Theory) is neces-
sary for the explanation of these experimental results in the fol-
lowing text.

First of all, the steady-state diffusion flux is proportional to the
stationary concentration difference between the diffusion cell
compartments Ac (Eq. (7)), which is essentially different from
the initial concentration difference between the donor and the
acceptor compartments, because an appreciable amount of the sol-
ute had been transported from the donor cell into the hydrogel be-
fore the start of the steady-state stage of the experiment. The exact
value of the Ac can be determined by continuous measurement of
solute concentration in both solutions. When the solute concentra-
tion is measured only in acceptor compartments (like in presented
experiments), Ac can be determined even at the end of the exper-
iment if the experiment is terminated still at the steady-state stage
of the diffusion process. The exact value of Ac differed for hydro-
gels with different dry content of agarose.

The value of steady-state diffusion flux also depends on the sol-
ute partitioning between the solution and gel. The partition coeffi-
cient ® was calculated directly from the mass of the solute
absorbed in the gel, determined experimentally at the end of
experiment. In a fact, this coefficient equals to the ratio of mean
solute concentration in the gel and arithmetic average of the solute
concentrations in donor and acceptor solutions at the end of

15
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Fig. 3. Breakthrough curves of KCI (left) and MB (right) for diffusion through SPI-Pore membrane. Line represents the theoretical model, scatter plot show the experimental

data at 25 °C (x), 40 °C (+) and 50 °C ().
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Table 1
Experimental results for the diffusion of methylene blue through hydrogels with
different agarose weight content.

Table 2
Experimental results for the diffusion of methylene blue through 1wt.% agarose
hydrogels with different weight content of HA.

Wagarose & Jax 10° . nx10"7 Dex 10 D, x 10" Wha t Jax 10° t nx10” Dex 10 D, x10"
(wt.%) (°C) (molm~2s7') (h) (mol) (m?s~1) (m?s~1) (wt%) (°C) (molm=2s~') (h) (mol) (m?s71) (m?s71)

1 25 439 65 49 1.42 1.80 0 25 439 65 49 1.42 1.80
40  6.02 26 29 3.28 448 40  6.02 26 29 3.28 448
50  8.02 1.7 33 3.87 6.66 50  8.02 1.7 33 3.87 6.66
2 25  3.83 63 95 0.64 1.84 0.002 25 411 75 66 1.39 1.55
40  6.15 28 6.1 1.59 421 40 5.64 36 5.7 3.68 322
50 729 19 58 1.96 6.07 50  6.50 22 57 3.70 531
4 25 1.73 78 133 0.20 1.48 0.005 25 276 12 76 1.11 1.03
40 3.84 26 107 0.56 4.40 40 5.40 47 80 4.22 2.44
50 6.08 15 87 1.10 7.63 50 6.87 37 86 4.94 3.11
0010 25 173 202 105 0.76 0.57
40 288 83 96 2.62 1.40
50 6.95 48 105 6.03 242

experiment. As it can be seen from Fig. 5, strong partitioning of MB
in agarose was observed. This is not an unexpected finding, the
partitioning of solutes in agarose hydrogels was thoroughly dis-
cussed in literature [52,32]. Golmohamadi et al. in [32] attribute
high partitioning of Cd?* and rhodamine cations in agarose hydro-
gels to non-specific Donnan effects linked with the hydrogel charge
rather than to any direct effects on the diffusion of charged probes.

An alternative explanation of the increasing total absorbed
mass of MB in hydrogels with higher dry agarose content could
be based on consideration of some specific chemical interactions
between agarose and MB despite the initial presumption. Never-
theless, this kind of interactions should significantly affect the
transient stage of the diffusion, resulting in increased time lag
(see Egs. (8) and (10)), which would also be probably dependent
on the total amount of binding sites - i.e. on the dry agarose con-
tent. Evidently, this is not the case for agarose hydrogels (compare
with the time lags of agarose/HA gels in Table. 2), from which we
can deduce that the presumption of no specific interactions be-
tween MB and agarose was used reasonably.

On the other hand, the total amount of absorbed MB related to
the dry mass in the hydrogels decreases with the agarose content,
which points to the decrease of its partitioning ability. It is proba-
bly caused by the denser network of more concentrated hydrogels
and corresponding changes in the conformation of agarose chains
and porous structure. As the agarose content increases, the number
of polymer-polymer interactions between helices increases, which
results in more compact structure [30,31]. Some authors [62,63]
investigated that the mechanism of gel formation depends on the
agarose concentration and the gelation proceeds from the homog-
enous solutions only if the agarose content is higher than 2 wt.%.
The change of mechanism influenced significantly the gel structure

50
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Fig. 5. Partition coefficient for the methylene blue partitioning at the boundary of
agarose hydrogels at 25 °C (x), 40 °C (+) and 50 °C ().

and its final properties, which could be one of reasons of the lower
partitioning ability related to the gel dry mass.

Similarly, the agarose content affected the effective (and
slightly also the apparent) diffusion coefficients. Their values were
calculated from the experimental data using Eqgs. (7) and (10), (see
Table. 1). As expected, the effective diffusion coefficient of MB in
agarose gels decreases with the dry agarose content (see Table.
1) In [64], the linear decrease in relative diffusion coefficient
(De/Dg) with the dry solid content of the gel is shown for the diffu-
sion of small cations (Na" and Cs*) in agar hydrogels. Our results
with MB showed that the decrease is not linear and it is steeper
for low agarose content. As the network gets denser, the diffusivity
of MB in the hydrogel decreases slowly as a result of structural and
conformational changes.

From the comparison of D, and D,, the crucial structural param-
eters of &.¢r and Ty, can be calculated (see Eqgs. 4, 8, and 9; note that
for the no-reaction presumption the K,,, = 0 in Eq. (9)). The calcu-
lated values are shown in Fig. 6. As it was mentioned above, the
network of agarose chains becomes more densely packed with
increasing weight content of agarose in the gels, which strongly
affects the mechanical and textural properties of the hydrogels
(e.g. viscoelastic characteristics, pore size). These effects are de-
scribed in detail [30,31] and were experimentally confirmed for
used hydrogel samples by measuring their viscoelastic properties
(see Fig. 7). The complex modulus increases with the agarose con-
tent of hydrogel in whole measuring range, which indicates more
densely cross-linked network of hydrogels with higher concentra-
tion of agarose giving a decrease in the pore size. We can see that
the complex modulus is frequency independent for the agarose
content 1 wt.% and the dependence was observed only for more
concentrated hydrogels. The obtained results correspond both with
our diffusion data and with the rheological behavior described in
other works [30,62]. In order to estimate the actual pore sizes, a
simplespectrophotometric method published by Aymard et al.
[65] was utilized in calculating the effective pore size as a function
of agarose concentration in the gel. Calculated pore sizes of all uti-
lized hydrogels (0.36 um, 0.16 pm and 0.09 um for 1 wt.%, 2 wt.%
and 4 wt.% of agarose hydrogels, respectively) exceed significantly
the Stokes hydrodynamic radius of MB.

The total porosities of gels can be estimated from the weight
concentration assuming ideal mixing of agarose and water, dry
agarose density can be found in literature [66]. For the utilized aga-
rose hydrogels, these estimated values are very close to unity
(0.976-0.994 for gels with decreasing dry agarose content). It is
evident, that the experimentally determined values of &.¢ are sig-
nificantly lower. According to the applied model, the effective
porosity differs from the total porosity of the medium, because
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Fig. 6. Calculated effective porosities and tortuosity factors of agarose hydrogels at 25 °C (x), 40 °C (+) and 50 °C ().

not all the pores of medium are equally available for a mass trans-
port (e.g. some pores can form “dead ends”) [51]. The value of &g
decreases with increasing dry agarose content of the hydrogels as
expected in connection with above described results. The changes
in the density of hydrogel network together with the increase of its
rigidity, the changes in water dynamics and the hydration of aga-
rose chains are probably the reasons of the observed discrepancy
between the effective porosity &.¢ and the weight content of water
in the used hydrogels [67]. Nevertheless, mainly for more concen-
trated agarose hydrogels, the actual difference between estimated
total and calculated effective porosity is so great that it deserves a
detailed verification in future experiments.

The calculated values of tortuosity factor T, indicate significant
meandering of actual solute pathway. At 25 °C, the actual distance
traveled by the solute molecules when penetrating the hydrogel
specimen is about twice longer than the gel thickness (see Eq.
(5)). This is quite surprising finding, because the tortuosity effects
are not commonly considered in the case of agarose hydrogels. Di-
luted agar and agarose gels (about 0.5 wt.%) are used even as refer-
ence medium with a unit tortuosity in determining transport
properties of some tissues [68,69]. The published values of tortuos-
ity factors of highly porous hydrogels are predominantly close to
unity [70]. Also the model, proposed by Tao and Nicholson [71],
which considers a simple relationship between tortuosity and
porosity of a medium, gives the estimation of T, insignificantly
shifted from unity. Experimental results also show the decrease
of T,, with the temperature, which indicates that the diffusion
pathway is straightened at higher temperatures.

5.3. Diffusivity of methylene blue in the agarose/humic acids hydrogels
As can be seen from experimental data shown in Table. 2 and

Fig. 8, a small addition of humic acids as a reactive component into
the agarose hydrogels resulted in a significant change in the barrier
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Fig. 7. Rheometric analysis of all utilized hydrogels (smaller graph shows detail on
gels with various HA content).

properties of the gels. Like in the case of dry agarose content,
increasing content of humic acids in the gel led to a considerable
increase in absorbed amount of MB in the gel and to the decrease
in steady-state diffusion flux. Nevertheless, note that similar effect
on these two parameters is caused by 1000x lower addition of HA
compared to agarose. Furthemore, unlike agarose, the total content
of humic acids significantly affected also the value of time lag,
which indicates extensive physico-chemical interactions between
diffusing MB and humic acids contained in the gel.

For the subsequent data analysis, a following presumption is
applied: neither the structural properties of the agarose hydrogels
nor the partitioning at the solution/hydrogel boundary is affected
by added HA. The presumption takes into account very small total
content of HA in the gel. The invariance of the structural parame-
ters was supported by the rheological characterization of the
hydrogels - no significant difference in rheometrical parameters
was found for 1 wt.% agarose gels with and without HA (see smal-
ler graph in Fig. 7). The assumption of similar partitioning of solute
at the boundary between the solution and agarose gel with and
without HA was required to calculate the value of D, from the stea-
dy-state diffusion flux, because the partition coefficient ® cannot
be derived directly from the absorbed amount of the solute (the
absorbed amount represents the sum of free and bound solute,
while the partitioning takes only the concentration of free solute
into account). Anyway, the experimental verification of this
assumption should be taken as a scope of the future work.

From the values of steady-state diffusion flux and time lag, the
effective and apparent diffusion coefficients for the diffusion of
methylene blue in the humic-containing hydrogels were calculated
in the same manner as above. The effective diffusion coefficient
characterizes the steady-state stage of the diffusion process which
should not be affected by any specific interactions between the sol-
ute and the reactive sites of the medium (the reaction equilibrium
in the gel is already established at the beginning of this stage).
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Fig. 8. Breakthrough curves of MB for the diffusion at 25 °C through 1 wt.% agarose
hydrogels with 0 wt.% (x), 0.002 wt.% (+), 0.005 wt.% (<»>) and 0.010 wt.% (O) of HA.
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Therefore, for a given temperature, the effective diffusion coeffi-
cient is expected to be independent of a small addition of reactive
component into the hydrogel. Nevertheless, small differences were
found between D, of the agarose/HA hydrogels and the respective
agarose gel (see Table. 2). As was already discussed, the value of D,
was calculated according to Eq. (7) using the value of ® deter-
mined for respective agarose gel without HA. This discrepancy thus
indicates that the presumption of negligible effect of HA on the
partitioning of MB at the boundary is not actually met perfectly.
Unlike the effective diffusivity, the apparent diffusion coefficient
characterizes the transient stage of the diffusion process and,
therefore, its value involves the effect of specific interactions
between the solute and the medium. It can be seen that the inter-
actions between MB and HA in the hydrogels significantly suppress
the mobility of methylene blue, resulting in increased time lag and
decreased D, (see Fig. 8 and Table. 2).

For a deeper insight into the interactions of MB with HA during
the diffusion process, let us consider, that these interactions can be
modeled by instantaneous (i.e. very fast in comparison with the
diffusion) reversible sorption, summarized by the reaction scheme
MBfree <> MBpoung. This sorption mechanism (resulting in a linear
sorption isotherm) is applicable in the systems, where a high ex-
cess of reactive sites on the sorbent is assumed. This presumption
is suitable for the systems with binding sites distributed homoge-
nously in the whole volume (like in reactive hydrogels), unlike e.g.
the sorption experiments in suspensions, where the sorption is re-
stricted to the surface of solid sorbent particles. Nevertheless, in
presented experiments, the presumption is questionable because
of small addition of reactive component (HA) to the gel. The appar-
ent equilibrium constant K,p, of the reversible sorption can be cal-
culated from the value of D, (see Eq. (9)) using the value of &g
determined for respective agarose gel without HA. It can be seen
in Fig. 9 that the value of K,p, significantly increases with higher
content of HA in gel. Higher temperature has a positive effect on
the sorption as characterized by an increase of K, with tempera-
ture. This indicates the endothermic nature of the interactions,
which agrees with the results of MB sorption on humic-rich peat,
published by Fernandes et al. [46,72]. This temperature effect can
be attributed to the changes in conformation of HA causing higher
availability of their binding sites for MB sorption at higher temper-
atures. In general, strong interaction between HA and cationic sol-
utes is commonly attributed to a high content of acid functional
groups. As the results of potentiometric and conductometric titra-
tion show, the total acidity of the utilized HA is 5.28 mmol g ' and
the content of carboxylic groups is 2.12 mmol g~'. The high con-
tent of carboxylic and phenolic groups were also confirmed by
the results of detailed elemental and spectroscopic analysis (for de-
tailed results, see [17,57]).
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Fig. 9. Apparent equilibrium constant for the sorption of methylene blue in
agarose/HA gels at 25 °C (x), 40 °C (+) and 50 °C ().

The value of K,pp, which corresponds to the defined sorption
model, can be estimated also from the total absorbed amount of
MB in the gels. As was already discussed, the total amount of MB
in the gel represents the sum of free and bound fractions. If we
introduce the parameter ®,p, as a ratio of mean total concentra-
tion of MB in the gel and the arithmetic average of concentrations
in both compartments of the diffusion cell at the end of a diffusion
experiment, then for the ratio of this parameter and corresponding
partition coefficient (determined by the experiments with agarose
gel without HA), the following equation can be derived:

@, c(free) + c(bound)
(D 7W71+Kapp (11)

It was found, that the values of K, calculated using Eq. (11)
were always higher than those calculated from D, (usually two
to three times). This discrepancy is another sign that even the
small addition of humic acids affects the partitioning of MB at
solution/gel boundary and that using the partition coefficients
determined for pure agarose gels for the description of transport
in agarose/HA gels is not completely correct.

6. Conclusions

Experimental results, presented in the paper, clearly illustrate
the effect of interactions between humic acids and methylene blue
on the transport of this ionic dye in model aqueous environments
provided by agarose hydrogels. It can be seen, that the binding of
methylene blue by humic acids strongly decelerates its transport,
which is characterized by higher time needed to penetrate the
samples with higher concentration of humic acids. These findings
are of the crucial importance in the case of humic substances,
whose barrier behavior in natural environments, so important for
playing their irreplaceable environmental role, cannot be reliably
predicted just from the results of traditional batch sorption
experiments.

The diffusion techniques, successfully applied in these experi-
ments, hence represent an interesting alternative approach for
the traditional reactivity mapping studies in the systems contain-
ing humic substances and similar reactive compounds. The method
is not equipment-demanding and can be applied with minor
modifications for various semi-solid or solid samples. Numerous
structural (effective porosity, tortuosity factor) and interaction
parameters (apparent reaction equilibrium constants) are calcu-
lated easily, as was illustrated for the studied systems. The method
is also well applicable for the study on the effects of adjustable
conditions such as temperature (as presented in this paper) or oth-
ers (e.g. pH or ionic strength).

The pilot experiments, introduced in the paper, represent the
first step towards a broader utilization of the diffusion techniques
in the studies on reactivity and barrier ability of humic acids. The
potential applicability of the presented method is great — without
any significant modification of the experimental procedure, the
technique can be utilized in order to compare the barrier proper-
ties of the humic acids toward various solutes. As well, the diffu-
sion experiments can be used to assess the solute-immobilization
effects of diverse humic substances (e.g. humic acids of the differ-
ent origin or specifically chemically modified humic substances) or
the similar compounds.

Nevertheless, some questions remain unanswered. As was dis-
cussed, the diffusion of methylene blue through agarose gel did
not always provide the expected results (as is represented by obvi-
ously too high value of the calculated tortuosity). It seems likely
that, contrary to the initial expectations, methylene blue interacts
to some degree with the applied agarose. To suppress this effect,
utilization of either a different agarose (with the carefully
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characterized key properties like the charge structure) or diffusing
compound should be considered in the future study. Besides, it was
also illustrated that the experiments in diffusion cells do not pro-
vide complete info about the partitioning of a studied solute at
the boundary between the solution and the reactive medium.
The non-stationary diffusion experiments are hence recommended
as the next step of the method development - these experiments
are based on the direct determination of solute concentration at
different distances in the diffusion medium which gives easy dis-
tinguishing of the diffusion and the partitioning effects.
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Non-stationary diffusion of two cationic dyes (Methylene Blue and Rhodamine 6G) was studied in hydro-
gels with different content of agarose and humic acids (HA). A simple spectrophotometrical method was
utilized in the in situ measurement of dye concentration in the gel samples at different distances from the
boundary. The effect of temperature, pH and ionic strength was investigated. The results confirmed the
considerable partitioning of both dyes in agarose gels as well as the strong immobilization of dyes caused
by their sorption on HA. The apparent diffusion coefficients of both dyes decreased with increasing solid
content in gels. In the case of agarose gels without the addition of HA, this decrease was attributed to
increased tortuosity of diffusion caused by denser agarose network. The apparent equilibrium constant
of the sorption of dyes on HA in agarose/HA gels was calculated from their apparent diffusion coefficients.
The value of the equilibrium constant increased with the content of HA in gel and, surprisingly, also with

decreasing pH inside gel.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Humic substances form the key organic component of soils, sed-
iments and young coals. From the chemical point of view, they rep-
resent complex heterogeneous mixtures of polydispersed
materials with the complicated structural skeleton and can be di-
vided operatively into three main fractions: humic acids (HA), ful-
vic acids and humin. Humic and fulvic acids are extracted from soil
and other solid phase sources using a strong base. HA are insoluble
at low pH, and they are precipitated by adding strong acid. Humin
cannot be extracted with either a strong base or a strong acid [1].
Although they are well known to stand behind the crucial environ-
mental phenomena (e.g. the carbon sequestration or self-detoxifi-
cation of soils), even after more than two centuries of substantial
research, the basic chemical nature, biosynthetic pathways, and
the reactivity of humic substances and soil organic matter are still
poorly understood [2].

The key feature of natural behavior and of function of humics
lies in their outstanding ability to bind compounds of diverse
chemical nature. This process is of an exceptional biological,
environmental and even industrial importance. In soils, sediments
and in water aquifers, binding on solid or dissolved humic sub-
stances determines the local concentrations and the fluxes of

* Corresponding author. Tel.: +420 54114 9486; fax: +420 54114 9398.
E-mail addresses: sedlacek-p@fch.vutbr.cz (P. Sedlacek), xcsmilek@fch.vutbr.cz
(J. Smilek), klucakova@fch.vutbr.cz (M. Klu¢akova).
1 http://www.materials-research.cz/en

1381-5148/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.reactfunctpolym.2013.12.002

bound compounds, which crucially affects the dynamics of essen-
tially all other components of the systems. Hereby, the presence of
humic substances controls the ecotoxicity of harmful pollutants
and the bioavailability of essential nutrients in soils at the same time.

Therefore, a considerable experimental effort has been directed
towards describing the interactions of humic substances with the
diverse model pollutants - e.g. heavy metals [3], radionuclides
[4], pesticides [5] or pharmaceuticals [6] — and as well with some
typical nutrients [7]. Moreover, the development of some humics -
based sorbents and artificial barriers for various environmental
and industrial applications has become a subject of vast concern
[8,9].

Practically all the above referenced reviews summarize the
studies which focus on the common batch sorption experiments,
aiming at the detailed description of the sorption equilibrium
and the sorption kinetics in the solute-humics systems. The exper-
imental procedures are always similar and the individual studies
usually differ just in the preferred combination of solute and hu-
mics and often also in the level of complexity of the mathematical
model used for the interpretation of sorption data (compare vari-
ous models reviewed in [10]).

On the other hand, in our recent works, simple diffusion studies
were put forward as the reasonable experimental alternative
which better describes the actual effects of the humics-solute
interactions on the transport of a solute in humics-containing
matrices [11-16]. In these papers, a hydrogel form of humic acids
is utilized both as a reasonable model of native humic environ-
ments and also because a semi-solid hydrogel sample provides
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better feasibility of the diffusion experiments. In the most recent
work [16], the diffusions of Methylene Blue (as a model cationic or-
ganic dye) in aqueous solutions and in agarose gels with and with-
out the addition of humic acids were studied by the method of
diffusion cells. The method is based on the measurement of time
needed by the solute to penetrate through the studied porous spec-
imen and, after the penetration, of the steady-state flux of the sol-
ute. The results of these experiments clearly showed the barrier
effect of humic acids on the transport of Methylene Blue in gels.
The experimental results were processed using the comprehensive
theoretical model, summarized by Shackelford and Moore [17] for
the description of the diffusion of solutes in the porous media, in
order to calculate some diffusion and interaction parameters of
the studied systems. Nevertheless, apart from the obvious illustration
of reactivity and barrier properties of humic acids, the experiments in
the diffusion cells proved the insufficiency for an adequate separation
of the two independent effects, acting simultaneously in the systems:
(i) of the partitioning (i.e. unequal distribution caused by a phase-
equilibrium) of free solute at the solution-gel boundary and (ii) of
the immobilization of solute in gel caused by some specific solute —
HA interactions (for details, see [16]).

To address the two effects independently, the non-stationary
diffusion studies could provide an improved experimental tool (a
comprehensive handlist of the non-stationary diffusion models
with the basic experimental layout can be found e.g. in [18]). In
the non-stationary experiments, the actual concentration of diffus-
ing solute is measured in the studied material at different times
and different distances from the solute source. The diffusion coef-
ficients of solute are then calculated either from the time change of
the solute concentration profile in the sample or from the solute
total diffusion flux. Diverse sophisticated analytical techniques
were applied previously in the measurement of solute concentra-
tion profiles in gels, e.g. fluorescence microscopy [19], nuclear
magnetic resonance techniques [20] or ultrasonic acoustics [21].
Some of the uncomplicated non-stationary diffusion techniques
were also utilized in our preliminary study on the transport of cup-
ric ions in the model humic matrices [11-15].

The experiments presented here improve the previous studies
of humic matrices by introducing a direct, non-destructive, spec-
trophotometric method of determination of the solute concentra-
tion profiles in the supporting hydrogels loaded with different
amounts of humic acids. It utilizes the characteristic visible light
absorption of the solutes (charged organic dyes) in order to mea-
sure their concentration when diffusing in the appropriately se-
lected hydrogel materials which allow the transmission of light.
This method features the advantage of great availability - UV-
VIS spectroscopy represents the routine laboratory method with
low equipment demands. Moreover, it can be used for a wide range
of model hydrogels and solutes. Direct in situ imaging of the con-
centration profile of solutes in hydrogels was already used as a
powerful tool in the diffusion studies; Dunmire et al. [22] devel-
oped and evaluated automated UV spectrophotometric method
for analyzing molecular transport of several test molecules into
gels with a relevance to the design of controlled drug-delivery sys-
tems, similar techniques for UV or visible imaging of a solute diffu-
sion in optical transparent hydrogels were utilized also in other
pharmaceutical [23-25] or food engineering studies [26,27]. The
experiments presented in this paper focus on the diffusion of
two solutes - Methylene Blue and Rhodamine 6G - in agarose
hydrogels loaded with different amounts of lignite-derived humic
acids. Both selected solutes represent positively charged organic
dyes with well-known affinity to bind on the humic substances
[28,29]. Methylene Blue was included, inter alia, to provide a basis
for the comparison with results of our previously published diffu-
sion-cell experiments, Rhodamine 6G was added because its diffu-
sion in hydrogels have been extensively studied by several authors

[30-32]. Experimentally determined concentration profiles of sol-
utes were subjected to the least-square regression with a suitable
mathematical model in order to calculate the diffusion and parti-
tion coefficients of solutes. Moreover, the influence of pH and ionic
strength on the diffusion process was analyzed as well.

2. Materials and methods
2.1. Chemicals

Agarose (routine use class, <10 wt.% moisture content), Methy-
lene Blue hydrate (C.I. Basic Blue 9, dye content, >95 wt.%) and
Rhodamine 6G (C.I Basic Red 1, dye content, >95 wt.%) were pur-
chased from Sigma-Aldrich and used without further purification.
Humic acids were isolated by alkaline extraction from South-Mor-
avian lignite [11,33]. The details on the chemical structure of both
the original lignite matrix and isolated HA (total and carboxylic
acidity, elemental and spectroscopic analysis), can be found in pre-
viously published papers [16,33,34].

Phosphate buffer saline (PBS), used for the adjustment of pH of
the dye solution and of inner pH of hydrogels (Section 5.3), was
prepared by the dissolution of accurate amount of Na,HPO4-2H,0
and NaH,PO4-2H,0 (p.a., Sigma-Aldrich) in deionized water. Three
different pH values (3, 7 and 11) and two buffer ionic strengths
(10 mM and 200 mM) were used.

2.2. Preparation of hydrogels

All hydrogels, utilized in subsequent diffusion experiments,
were prepared via the same method of thermoreversible gelation
of aqueous solution of agarose as in previous work [16]. Agarose
hydrogels (without the addition of HA, dry agarose content in
gel: 0.5 wt.%, 1 wt.%, 2 wt.% and 4 wt.%) gelatinized from the solu-
tion of agarose in water (Section 5.1) or in the respective buffer
solution (Section 5.3), while agarose/HA gels did from the solution
of both agarose (1wt.%) and HA (0.002 wt.%, 0.005wt.% and
0.010 wt.%) in water (Section 5.2) or in the buffer solution
(Section 5.3).

A simple gelation procedure was applied: accurately weighted
amount of agarose powder was dissolved in deionized water or
in the buffer solution (preparation of agarose gels) or in the solu-
tion of HA of the corresponding concentration (preparation of aga-
rose/HA gels), respectively. The mixture was slowly heated when
stirring continuously to 80 °C and maintained at the temperature
until the occurrence of transparent solution. The solution was de-
gassed in ultrasonic bath for 1 min. (at 80 °C) and slowly poured
into the PMMA spectrophotometric cuvette (inner dimensions:
10 x 10 x 45 mm). The cuvette orifice was immediately covered
with pre-heated plate of glass to prevent drying and shrinking of
gel. Flat surface of the boundary of resulting hydrogels was pro-
vided by wiping an excess solution away. Gentle cooling of cuv-
ettes at the laboratory temperature led to the gradual gelation of
the mixture.

2.3. Diffusion experiments

The non-stationary diffusion experiments with hydrogels were
performed as follows: Pre-prepared hydrogel samples in the
PMMA cuvettes were immersed in horizontal positions in
0.01 gdm 3 aqueous solution of the respective dye (Methylene
Blue or Rhodamine 6G, four cuvettes in one container filled with
250 cm? of the dye solution). The dye solution was stirred contin-
uously by the magnetic stirrer and the dye was left to diffuse from
the solution into the gel samples through the square orifices of
the cuvettes. Each experiment was duplicated. In selected time
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intervals, the cuvettes were taken out of the solution and the UV-
VIS spectra were measured at various distances from the orifice on
Varian Cary 50 UV-VIS spectrophotometer equipped with the spe-
cial accessory providing controlled fine vertical movement of the
cuvette in the spectrophotometer.

From the collected UV-VIS spectra, the concentration of the dye
was determined at different positions in gels. For this purpose the
UV-VIS spectra were calibrated for hydrogels with known concen-
tration of the dye, homogenously distributed in the whole volume
of gel. These hydrogels samples were prepared using exactly the
same preparation procedure as for the samples for the diffusion
experiments; only the precise amount of the dye was added to
the solution before gelatinization. In this way, the reference sam-
ples, covering at least three different concentrations of the dye,
were prepared for all tested hydrogel compositions.

When testing the influence of pH and ionic strength (Sec-
tion 5.3), the non-stationary diffusion experiments were repeated
using buffered dye solutions and buffered gels (1 wt.% agarose
gels). PBSs were used as a standard tool for the pH adjustment
(see Section 2.2). Agarose hydrogels (1 wt.% of agarose) with
0 wt.% HA and 0.01 wt.% HA were utilized in these experiments.
The desired values of the inner pH of the resulting hydrogels were
experimentally verified using the spearhead pH electrode designed
for measurements in semi-solid samples (Metrohm, Inc.). Differ-
ence between the pH values of the buffer solution and the resulting
hydrogel never exceeds 0.1. The preparation of the reference sam-
ples for all buffered hydrogels and the collection of UV-VIS spectra
were performed in the way described above.

3. Nomenclature

Eoff effective porosity (-)

(O] partition coefficient (-)

c concentration of the solute (g dm )
D diffusion coefficient (m?s~1)

Do free solution diffusion coefficient (m? s 1)
D, apparent diffusion coefficient (m? s~ 1)
erfc complementary error function

Kapp apparent equilibrium constant (-)

t time (s)

Tm tortuosity factor (-)

w weight concentration (wt.%)

X direction coordinate (m)

@ Particular concentration variants are distinguished by the corresponding sub-
scripts and explained in the text.

4. Theory

When a solute diffuses in a medium, the rate of its molecular
transport is governed by the solute’s concentration gradient. For
the simplest case of one-dimensional fickian diffusion (along the
x-axis), neglecting other effects such as the concentration flux in-
duced by the temperature gradient or the concentration changes
caused by the interaction between the solute and the medium,
the governing equation for the transient diffusion can be expressed
by the renowned Fick’s second law

oc_iFe "
ot~ ox?

if the diffusion coefficient of the solute in the medium D is time and
concentration independent. When the diffusion proceeds in a por-

ous medium, the transport of the solute is complicated by two ma-
jor effects: (i) reduced cross-sectional area is available for the
diffusive mass flux of the solute relative to the macroscopic cross-
sectional area (because we assume that solute simply cannot pene-
trate into solid phase), and (ii) the existence of impenetrable solid
phase results in more tortuous transport (solute pathway meanders
through the medium). As a result, modified Fick’s equations de-
scribe the transport of the solute through the porous specimen.
The exact mathematical model for the description of such diffusion
processes is discussed in details by Shackelford and Moore [17] and
summarized briefly in our previous paper [16].

Furthermore, when the solute interacts specifically with the so-
lid content of the porous medium, the Fick’s equation (1) must be
supplemented by a reaction rate component which depends on the
actual interaction mechanism. Simple reversible immobilization of
the solute on the solid content of the porous medium is commonly
presumed as a first approximation. The interaction mechanism can
be expressed as

Kapp
Stree «— Ssorbed (2)

where Sgee and Sgorp represent the free and the sorbed solute,
respectively, and the apparent equilibrium constant K,p, represents
a sorbed-to-free solute mass ratio at the equilibrium:

Kapp _ Csorbed (3)
Cfree eq

For the porous systems where the interactions between the so-
lid content and the solute follow the above proposed mechanism,
the apparent diffusion coefficient of the solute is defined in the fol-
lowing way:

Do

D. = Ton(1 + Kapp)

(4)
where Ty, is the tortuosity factor (for the used definition of the tor-
tuosity factor, see [16]) and the Second Fick’s law for the transport
of free solute can then be simply rearranged:

aCfr 82Cfr
ot D g ®)

The analytic solution of the last equation according to the cor-
responding experimental arrangement gives the relation which de-
scribes the time-spatial dependence of the free solute
concentration in the medium. One commonly used experimental
arrangement represents the ‘constant source in-diffusion tech-
nique’. In this case, the free solute concentration at the boundary
of the diffusion medium is kept constant during the experiment.
Eq. (5) can be easily processed by the Laplace transformation and
the time development of the concentration profile of diffusing sol-
ute in the porous medium is given by the following equation:

Ciree = C erfc X (6)
free = Lfree,x=0 \/m
where Cgee, x - 0 1S the time-independent concentration of the free
solute at the boundary from the side of porous medium. Because
the concentration profile of the bound (sorbed) fraction of the sol-
ute can easily be derived from Egs. (3) and (6), the total concentra-
tion of the solute in gel follows the equation:
X
Ctot = Cree + C = Cfree. x—0(1 + Kapp) - €rfc—— 7
tot free sorbed free, x: O( app) \/‘Wat ( )
The solute partitioning (non-equal distribution) often takes
place at the boundary between two phases (e.g. the solute solution
and the porous medium which the solute diffuses into) which re-
sults in a discontinuity in the concentration of free solute at the
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interface (see e.g. [31]). The partition coefficient ® then describes
the distribution of the free solute between the solution and the
porous medium at the boundary:

Ctree, x=0 | por,
O = free, x 0|p0|ous (8)

Cfree x=0 |soluti0n

and Eq. (7) transforms as follows:

X
Crot = Ctot,x:O‘pomus -erfc Nz
a

= (D'Cfreev"zo{solution . (l + Kapp) -erfc

X
VaD;t )
where the boundary concentration of the free solute from the solu-
tion side Cgee x—0 }Soluﬁon equals the bulk concentration of the solution
when the solution is stirred sufficiently.

Consequently, the determination of the total concentration of
solute across the porous medium at various times and the process-
ing of data using Eq. (9) result in the determination of the two cru-
cial parameters which describe the partition and the interaction
effects independently - i.e. the partition coefficient ® and the
apparent equilibrium constant Kpp,

5. Results and discussion

The diffusion experiments, presented in this paper, follow the
previous work, which investigated the barrier effects of humic
acids on the transport of Methylene Blue by means of the diffusion
cells method [16]. Main disadvantage of those experiments was
the inability to directly distinguish the relative impacts of the sol-
ute partitioning and the solute binding on the solid content, which
proceed in gel simultaneously. The non-stationary experiments
overcome this trouble in a simple and highly illustrative way. Be-
cause the utilized agarose matrix is transparent, the effects of small
additions of a reactive component on the transport of a colored
compound can be estimated even visually and the quantitative
assessment by means of spectrophotometry poses no problems.

5.1. Diffusion in agarose hydrogels

To provide a comprehensive comparison with the previously
published stationary diffusion experiments, the transient diffusion
of the dyes in hydrogels with different dry contents of agarose was
investigated before turning our attention to hydrogel with the
addition of HA.

Fig. 1 shows the concentration profiles of Methylene Blue in
gels at 30 °C. The profiles indicate that the penetration of Methy-
lene Blue into gel is only slightly decelerated by increased agarose
weight content. This finding is not surprising because the small
overall content of agarose is not anticipated to restrict the solute
motion considerably. It also corresponds well to the results of dif-
fusion cells experiments. More interesting finding concerns the to-
tal concentration of dye at the boundary of gel. The results indicate
that gels with higher content of agarose show higher concentration
of dye near the boundary. This partitioning effect of agarose in
hydrogels is well known and was discussed elaborately [31-35].
The agarobiose backbone of agarose usually contains ionic impuri-
ties like sulfonates, ester sulfates, pyruvates and carboxylic groups
[36] and the resulting Donnan potential of the agarose network is
commonly addressed in the explanation of the enhancement of
cation concentrations in hydrogel. Similar concentration profiles
as those shown for Methylene Blue in Fig. 1 were determined also
when the diffusion of Rhodamine 6G was investigated.

In order to evaluate the above discussed effects quantitatively,
the experimental data were processed using the in-diffusion mod-
el, presented in Section 4. Measured concentration profiles were

Fig. 1. Experimental (points) and theoretical (lines) concentration profiles of
Methylene Blue in agarose gels at 30 °C (the corresponding weight content of
agarose is shown above each graph).

fitted by Eq. (9) via the least square method using the Solver
add-in in Microsoft Excel. The regression characterized by the solid
lines in Fig. 1 resulted in two parameters, i.e. the total concentra-
tion of the dye at the boundary cicx-0 and the apparent diffusion
coefficient D,. The standard errors of the diffusion parameters for
individual gels were calculated from minimally six determined val-
ues (duplicated experiments at three diffusion times).

As can be seen in Fig. 2, the decrease in the diffusivity with
increasing agarose content in hydrogel was found for both dyes.
This confirms the trend revealed in our previous work by the diffu-
sion cells method [16], although the actual values of D, are about
two times higher here. To explain this difference, it is worth men-
tioning that in the diffusion cells method, D, is calculated indi-
rectly from the time needed by solute to penetrate through the
hydrogel specimen of known thickness. This time is estimated by
the extrapolation of linear part of the break-through curves of
the solute although the concentration of the solute in compart-
ment behind hydrogel gradually increases even before (see Fig. 2
in Ref. [16]). By contrast, the non-stationary diffusion method is
better suited for the description of the transient stage of the diffu-
sion process, because the time-development of the concentration
profiles can be observed repeatedly over the long period of time
which significantly reduces the experimental error.

For deeper insight into the meaning of D,, it is illustrative to
compare its value with the diffusion coefficient which describes
the transport of the solute in the respective solution (i.e. with the
free solution diffusion coefficient Dy). The values of free solution
diffusion coefficient Dy of both dyes were determined by the diffu-
sion cells method (the exact experimental procedure is described
in [16]) at all studied temperatures. The determined values of Dg
are shown in Tables 1 and 2, together with the free diffusion coef-
ficients of the dyes in the buffer solutions (will be discussed later).
Determined free solution diffusivity of Methylene Blue agrees with
published values [37,38]. On the other hand, literature values of Dg
for Rhodamine 6G vary by nearly an order of magnitude (for the
summary of the values determined by different methods, see
[39]). The poorly characterized values of diffusion coefficient of
Rhodamine dyes in water are usually attributed to concentration
effects caused by molecular aggregation [40]. The diffusion cells
experiment provided the value of Dy at high end of the interval
of literature values.

It was found that the diffusivity of both dyes in agarose hydro-
gels were close to their diffusion coefficients in water (see the half-
filled points in Fig. 2). This is the well-expected result for hydrogels
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Fig. 2. Apparent diffusion coefficients of Methylene Blue (left) and Rhodamine 6G (right) in hydrogels with different weight content of agarose at 30 °C (O), 40 °C ($») and

50 °C (A). Half - filled points represent the free solution diffusion coefficients.

Table 1

Free solution diffusion coefficients Dy of Methylene Blue in all tested solutions
(determined by the diffusion cells method; standard error calculated from the
triplicated experiment).

t (°C) pH Do x 10° (m?s~1)
Water 30 - 9.66 + 0.08
40 12.95 +0.01
50 16.41 £0.07
10 mM PBS 30 3 8.74+0.05
7.34+0.23
11 9.20+0.62
200 mM PBS 30 3 8.88 +0.02
8.50+0.09
11 11.24 +0.06

Table 2

Free solution diffusion coefficients Dy of Rhodamine 6G in all tested solutions
(determined by the diffusion cells method; standard error calculated from the
triplicated experiment).

t(°C) pH Do x 10" (m? s~ 1)
Water 30 - 9.94 +0.02
40 11.84 £0.05
50 14.44 £0.05
10 mM PBS 30 3 7.45 +0.05
6.07 £ 0.01
11 6.25 £0.04
200 mM PBS 30 3 6.98 £ 0.01
7.12+£0.03
11 6.90 £ 0.03

with no specific interactions between diffusing solute and solid
content of gel, where the transport of solute is restricted only by
more tortuous diffusion pathway caused by the solid content of
gel.

Higher standard errors of D, values of both dyes at 50 °C are evi-
dent in Fig. 2; this could imply some structural changes of gel in-
duced by elevated temperature which could bring confusion into
the diffusion results. The temperature-controlled phase transition
behavior of agarose gels is well known and described in the litera-
ture [41]. Nevertheless, it is reasonable to expect that any impor-
tant structural and textural differences should be associated with
the considerable changes in mechanical properties of gels and neg-
ligible changes of the viscoelastic characteristics at higher temper-
atures were revealed by the results of rheometric analysis of gels
(see Supporting Info).

Because no specific interactions between the diffusing dyes and
the solid content of agarose gels are expected, the decrease in the
diffusivity of dyes in agarose gels can be attributed fully to the tor-
tuosity effect and the determined boundary concentration of dye in
gel clearly characterizes the partitioning effect described by Eq. (8).

Substituting K,pp, = 0 in Eqs. (4) and (8), the values of tortuosity fac-
tor Ty, and of partition coefficient ® can be calculated from the
determined values of D, and ceorx - o, Fespectively. As can be seen
in Fig. 3, the partition coefficient of studied dyes increases with
the content of agarose in gel and for Methylene Blue also with
the temperature. It complies with the similar tendency, deter-
mined previously by the diffusion cells method [16]. Nevertheless,
the actual values of @ are, again, significantly lower (in average
about three times lower) than those derived from the steady-state
experiments in the diffusion cells. The explanation of the differ-
ence is very much the same as in the case of D,. In the diffusion
cells experiment, the partitioning coefficient is estimated from
the loss of dye from the solution assuming the linear concentration
profile of dye in the gel sample. Unfortunately, this assumption
cannot be verified experimentally, which burdens the results of in-
creased uncertainty.

At 30 °C, the values of ® in 1 wt.% agarose hydrogel are close to
unity for Methylene Blue which means that the dye is almost
equally distributed between the source solution and hydrogel in
equilibrium. Rhodamine concentrates slightly more in agarose
gel, as indicated by the value of ® = 2.4. In more concentrated aga-
rose hydrogels, the value of ® for both dyes in most cases does not
exceed 10. The values of @ obtained in this work are in better
agreement with the published results than those determined pre-
viously in [16]. Fatin-Rouge et al. [31] focused on partitioning of
different solutes including Rhodamine 6G in gels with the agarose
content of about 1 wt.%. They determined the partition coefficients
of Rhodamine in the range from 1 to 4, depending on the pH. Also
the values of ® determined in another work for various inorganic
and organic low-molecular ions in agarose hydrogel usually fall
within the range from 1 to 10 [30]. In general, higher standard er-
rors of ® were found for the higher temperature, again. Further-
more, the standard errors of the values of ® determined for
Methylene Blue at 40 °C and 50 °C in the 4 wt.% agarose gel were
so high (relative error higher than 50 %) that these values were
excluded from Fig. 3. To understand this deviation, note that in
the concentration profiles shown in Fig. 1, the points representing
the concentration values near the boundary are missing for gels
with higher weight content of agarose; this is caused by increased
turbidity of hydrogels with higher solid content, which in combi-
nation with increased concentration of the dye made the values
of absorbance close to the interface too high to be assessed prop-
erly. Fewer experimental points are therefore subjected to the
non-linear regression and the resulting parameters are less precise.

Also the values of tortuosity factor T, differ from those calcu-
lated from the diffusion cells experiments (they are about two
times lower here). As can be seen in Fig. 4, the tortuosity factors
for both dyes in all agarose gels are not distant from unity which
indicates almost straight movement of the solute in gels (consider
that T, represents the square of actual distance traveled by the sol-
ute relative to the macroscopic distance). This fact matches the
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Fig. 3. Partition coefficients of Methylene Blue (left) and Rhodamine 6G (right) in hydrogels with different weight content of agarose at 30 °C (O), 40 °C () and 50 °C (A).
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Fig. 4. Tortuosity factors for the diffusion of Methylene Blue (left) and Rhodamine 6G (right) in hydrogels with different weight content of agarose at 30 °C (O), 40 °C (<) and

50°C (L),

published results again, because little tortuosity effects are com-
monly considered in the case of agarose hydrogels [42]. Dilute agar
and agarose gels (about 0.5 wt.%) are even used as reference med-
ium with a unit tortuosity in determining the transport properties
of some tissues [43,44]. The value of T, decreases with increasing
temperature, indicating that the solid network of gel obstructs less
the transport of the solute at higher temperatures.

Looking back to Figs. 2-4, it can also be concluded that both cat-
ionic dyes - Methylene Blue and Rhodamine 6G - do not differ
essentially in their partitioning and diffusive behavior in agarose
hydrogels. It indicates that both effects are driven primarily by
the total charge of the solute and slight differences in its other
structural parameters (e.g. molecular weight and shape) play no
crucial role.

5.2. Diffusion in agarose/HA hydrogels

The central intent of the presented work was to shed a new
light on the effects of interactions between humic acids and ionic
dyes on the transport of the dyes in humics-containing systems.
The main set of experiments therefore focused on the comprehen-
sive investigation of diffusive transport of the dyes in agarose
hydrogels (1 wt.% of agarose) with various small additions of hu-
mic acids, homogeneously spread in the hydrogel matrix. Under
all tested experimental conditions, the addition of humic acids into
the gel matrix resulted in a strong change in transport properties of
the studied dyes, as is clearly shown in Fig. 5.

As is evident from the concentration profiles shown in Fig. 6, a
small content of humic acids, more than two orders of magnitude
lower in comparison with agarose, lead