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1. Abbreviations

AFM - Atomic force microscopy

BNH - Brinell hardness number

CAGR - Compound Annual Growth Rate
DCM - Dichloromethane

DMA - dynamic mechanical analysis
DMF- Dimethylformamide

ECM - Extracellular matrix

FAD - Flavin adenine dinucleotide

FDA — Fluorescein diacetate

FDA* - Food and Drug Administration
FID - Flame ionization detector

FLIM - Fluorescence-lifetime imaging microscopy
FLIP - Fluorescence loss in photobleaching
FRAP - Fluorescence recovery after photobleaching
FS - Force spectroscopy

FT-IR - Fourier transform infrared

GC - Gas chromatography

HHx - Hydroxyhexanoate

IF - Intermediate filaments

IR - Infrared

LA - Lactic acid

LDPE - Low density polyethylene

MF - Micro filaments (Actin filaments)
MPE - Multi-photon excitation

MSM - Minimal salt medium

MT - Microtubules

NA - Numerical aperture

NAD - Nicotinamide adenine dinucleotide
PALS - Positron annihilation lifetime spectroscopy
PAM - Polyacrylamide

PAS - Positron annihilation spectroscopy

PE - Polyethylene

PGA - Poly (glycolic acid) (Polyglycolide)
PHA - Polyhydroxyalkanoates

PHB - Polyhydroxybutyrate

PHO - Poly(3-hydroxy) octanoate
PHOa. - PHO casted from acetone
PHOchi - PHO casted from chloroform
PHOkgtac - PHO casted from ethyl acetate
PI - Propidium iodide

PLA - Poly lactic acid (Polylactide)
PLAAc - PLA casted from acetone
PLAch - PLA casted from chloroform
PLAg:c - PLA casted from ethyl acetate
PLGA - Poly-lactide- co-glycolide
PLLA - Poly (L-lactic acid)

PMMA — Polymethylmethacrylate

PP - Polypropylene

Ra - Average roughness

RMS - Root mean square

ROP - Ring opening polymerization

SD - standard deviation

TGA - Thermogravimetric analysis
VDH - Vickers diamond hardness

vdW — van der Waals

XRD - X-ray diffraction
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2.1. English

Growing interest in novel materials and shrinking supplies of fossil fuels cause that materials
of natural origin are attracting more and more attention of scientists and industry. Due to their
features such as biointegrity and biocompatibility, they can not only displace traditional
polymers, but also find completely new applications in biomedical sciences and industry. The
growing demand for this type of polymers has resulted in intensive development of research
and production companies dealing with novel materials. Thanks to the completely natural origin
bacterially derived polyhydroxyalkanoates polymers are promising materials to suit the above
purpose. One of their characteristics is the biocompatibility with the mammalian cells.
Therefore, the polymer can be used to manufacture scaffolds for tissue regeneration, starting
from wound dressings constructions and ending with endo-prostheses or bone scaffolds
coatings.

The presented work focuses on the study of a representative medium chain length
elastomeric polyhydroxyalkanoate polymer — poly(3-hydroxyoctanoate) (PHO). In order to
characterize the influence of different solvents used for biomaterial preparations (solvent
casting of PHO films) three solvents, namely ethyl acetate, acetone and chloroform, were used
to prepare thin films. A comparison of the physicochemical features changes over time in these
differently casted films was investigated against polylactide (PLA) controls — a quite deeply
researched and well-known material. Tests included nanoindentation and scratch testing of the
material, the obtained results were compared with AFM data. The Young Modulus values are
consistent for both methods and comply with literature. Further, the work compares also the
impact of PHO substratum on mammalian cells physiology and morphology with common
polyacrylamide (PAM) and PLA substrates. Techniques such as double staining with
fluorescent diacetate (FDA) and propidium iodide (PI) cytotoxicity assessment and long-term
microscopic studies revealed high biocompatibility level of polymer and no toxic impact on
Mouse Embryonic Fibroblast cells. Further research focused on cytoskeletal analysis of cells
employing confocal microscopy. The received data indicates the influence of polymer on the
structure and morphology of the cytoskeleton relative to the reference materials. Additionally,
both the shape of the cells and the structure of actin filaments suggest a high level of cell
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adhesion to the substrate (compared with a glass controls). Due to the considerable
commercialization potential of the PHA polymers, the author also conducted an analysis of the
global biopolymer market as well as considered the application and commercialization
perspectives of the PHO based final products. Current research and trends indicate that PHA
are used not only in the narrow field of medical products and bioengineering but also in widely
understood everyday objects such as packaging, shopping bags, electronic casings or even home
furnishings and appliances. Owing to their chemical structure, PHAs can be subjected to simple
modifications that can change both their biological and chemical properties, as well as their
physical properties such as hydrophobicity or hardness. These features make
polyhydroxyalkanoates versatile polymers, which applications and commercial use can be
dictated by the needs of the market and not by limitations posed by the material itself.

Thanks to employment of advanced research methods like nanoindentation, high resolution
confocal microscopy combined with complex data analysis it was possible not only to precisely
elucidate physical properties of material, but also its impact on living mammalian cells. The
obtained results indicate that PHO can map the mechanical properties of popular polymers such
as polyethylene (PE) or polystyrene (PS) at the same time presenting full biocompatibility with
living cells. A quantitative analysis was also applied to determine that PHO exerts impact on

both cells” morphology, cytoskeleton architecture and migration velocity.



2.2.  Polish

Rosngce zainteresowanie nowymi materialami i kurczace si¢ zasoby paliw kopalnych
powoduja, ze materialy pochodzenia naturalnego przyciagaja coraz wigcej zainteresowania
zaroOwno naukowcow jak 1 przemystu. Dzigki swoim wlasciwosciom, takim jak
biodegradowalnos$¢ i biokompatybilno$¢, moga one nie tylko zastgpi¢ tradycyjne polimery, ale
takze znalez¢ zupetnie nowe zastosowania w naukach biomedycznych i medycynie. Rosnace
zapotrzebowanie na tego typu polimery spowodowato intensywny rozwoj firm badawczych i
produkcyjnych zajmujagcych si¢ nowymi materiatami. Dzigki catkowicie naturalnym
pochodzacym od bakterii polihydroksyalkanianianom (PHA) polimery z nich wykonane sg
obiecujacymi materialami spetniajacymi oczekiwania stawiane im przez dzisiejszy przemyst,
medycyn¢ oraz wpisujg si¢ w swiatowe trendy ochrony $rodowiska i redukcji emisji gazow
cieplarnianych. Jedng z cech polihydroksyalkanianow jest ich biokompatybilno$¢ z komorkami
ssakow. Dlatego polimer ten mozna stosowa¢ do wytwarzania produktow medycznych
stuzacych regeneracji tkanek, poczynajac od konstrukcji opatrunkéw na rany a konczac na
endo-protezach lub rusztowaniach wspomagajacych regeneracje uszkodzonej tkanki kostne;j.

Prezentowane w pracy badania koncentrujg si¢ na przedstawicielu srednio tancuchowych
polihydroksyalkanianow - poli(3-hydroksyoktanianie) (PHO). W celu scharakteryzowania
wplywu réznych rozpuszczalnikow stosowanych do przygotowania biomateriatu (produkcja
folit PHO) do przygotowania cienkich warstw zastosowano trzy rézne rozpuszczalniki,
mianowicie octan etylu, aceton i chloroform. Poréwnanie zmian wlasciwosci
fizykochemicznych w czasie dla tych réznie prefabrykowanych filméw zostato zbadane i
poréwnane z dobrze znanym i szeroko opisywanym w literaturze polilaktydem (PLA). Badania
materialowe obejmowaly nanoindentacje i testy typu ,, Scratch testing” polimerow. Uzyskane
wyniki pordwnano z danymi otrzymanymi technika AFM. Warto$ci modutu Younga sa spdjne
dla obu metod i zgodne z literaturg. W pracy poréwnano rowniez wplyw podtoza PHO na
fizjologi¢ 1 morfologie komorek ssakow (Mysich embrionalnych fibroblastow — MEF 3T3).
Jako materiatdéw porownawczych uzyto podtoz poliakryloamidowych (PAM) oraz wykonanych
z PLA. Techniki, takie jak testy cytotoksycznosci oparte na podwojnym barwieniu dwuctanem
fluoresceiny oraz jodkiem propidyny oraz dlugoterminowe badania mikroskopowe wykazaty
wysoka biokompatybilno§¢ polimeru i brak jego negatywnego wptywu na komorki
fibroblastow. Dalsze badania dotyczyly analizy cytoszkieletu komorek. Obserwacje
prowadzono przy uzyciu technik mikroskopii konfokalnej i fluorescencyjnej. Otrzymane dane

wskazuja na wyrazny wpltyw rodzaju podloza na struktur¢ i morfologie cytoszkieletu.
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Dodatkowo, zarowno ksztalt komorek, jak i struktura filamentéw aktynowych sugerujg wysoki
poziom adhezji komoérek do podtoza w przypadku obydwoch biopolimerdéw. Ze wzgledu na
duzy potencjat komercjalizacyjny polimerow typu PHA, autor przeprowadzit rowniez analizg
globalnego rynku biopolimerow, a takze rozpatrzyt perspektywy zastosowania i wdrozenia do
produkcji gotowych produktow wytwarzanych z PHO. Aktualne badania i trendy wskazuja, ze
polinydroksyalkaniany sa wykorzystywane nie tylko w waskim zakresie produktow
medycznych i w bioinzynierii tkankowej, ale rowniez w produkcji szeroko rozumianych
przedmiotdéw codziennego uzytku, takich jak opakowania, torby na zakupy, obudowy urzadzen
elektronicznych czy nawet meble i sprzet gospodarstwa domowego. Ze wzgledu na swoja
strukture chemiczng, PHA mozna tatwo poddawa¢ modyfikacjom, ktéore moga zmieniac
zarowno ich wlasciwosci biologiczne, chemiczne, jak i fizyczne, takie jak hydrofobowos$¢ lub
twardos$¢. Cechy te sprawiaja, ze mozliwa jest produkcja uniwersalnych polimerow opartych
na polihydroksyalkanianach, ktore moga posiada¢ cechy dopasowane do konkretnych potrzeb
rynku, a ograniczenia powodowane przez wilasciwosci Surowego materialu s3 mocno
zredukowane.

Dzigki zastosowaniu zaawansowanych technik eksperymentalnych takich jak
nanoindentacja, wysokorozdzielcza mikroskopia fluorescencyjna i konfokalna w potaczeniu ze
ztozong analizg danych bylo mozliwe nie tylko wyznaczenie wtasciwosci fizycznych materiatu
ale takze okreslenie jego wpltywu na zywe komorki ssacze. Otrzymane wyniki pomiarowe
wskazuja, ze PHO dzigki swoim wlasciwosciom fizycznym, moze zastapi¢ popularne obecnie
na rynku tradycyjne polimery jak polietylen czy polistyren i rdwnocze$nie wykazuje petna
biozgodnos¢ z zywymi komorkami. Analiza iloSciowa zastosowana w pracy pokazata, ze
material ten wywiera wplyw zaréwno na morfologie komorek, ksztatt cytoszkieletu jak i na

predko$¢ migracji.
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esearch project

The purpose of research project presented in this thesis is to assess the usefulness of a
representative of medium length chain polyhydroxyalkanoates (mcl-PHAs) -
polyhydroxyoctanoate in field of medical applications.

In the first part of this work author is presenting global trends and social approach to
widely understood biomaterials. An assessment of economic factors affecting the popularity
of biomaterials alongside with a forecast regarding their potential future areas of
applications. Due to the high commercialization potential, the world trends on biopolymers
were analyzed, to draw a bigger picture of their usability in current global markets. The
potential role of biopolymers, especially polyhydroxyalkanoates in the circular economy
model was discussed (Chapter 8).

Due to the main topic of the work focusing on PHO applications in medicine it was
important to thoroughly examine material’s physical and biological properties. Physical tests
included nanoindentation and scratch testing of the polymer, the obtained results were
compared with AFM data. To be suitable for biomedical applications, the material must not
be toxic to mammalian cells. Techniques such as FDA/PI double staining cytotoxicity
assessment and long-term microscopic studies evaluated biocompatibility level of polymer
and its impact on Mouse Embryonic Fibroblast cells (MEFs). Further, the work compares
the impact of PHO on mammalian cells physiology and morphology with commonly used
polyacrylamide (PMA) and well characterized PLA substrates. Additionally, research
focused on cytoskeletal analysis of cells employing confocal and fluorescent microscopy
techniques. Learning its physical and biological properties along with their comparison with
another, well-described biopolymer representative — polylactic acid (PLA)?#, aims to
identify areas of potential medical and industrial applications for new material. Detailed
knowledge of the biopolymer properties and clear delineation of paths and areas of its
industrial and medical applications will allow for effective commercialization of the project

and transferring basic research to the industrial, applicable level.
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| plastics

Traditional plastics can be used in a wide variety of products and have displaced other
materials, such as wood, metal, or glass. They can be formed into polyesters for use in fabrics
and textiles, polyvinylidene chloride for food packaging, and polycarbonates for eyeglasses and
compact discs, among thousands of other uses. In the last few decades, crude oil-based plastics
became common in every area of life. Their popularity is best seen in the exponential increase
in polymer production in recent years (Fig. 1). Durability and low fabrication costs have created
plastics as nearly irreplaceable material in modern society. Despite the decrease in demand for
plastics, due to the global financial crisis over 330 million tons were produced worldwide in
2016. In Europe the production quantity remains constant since the beginning of the 21st

century and amounts about 60 million tons every year® (European Commission, 2011).

Fig. 1 Global plastic production from
1950 to 2016. In 2016, world plastics
production totaled around 335
million metric tons®.
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Plastics are a family of hundreds of different materials with a wide variety of properties. They
are designed to meet the needs of each single application in the most efficient manner.
Currently, most plastic materials are derived from fossil feedstocks such as natural gas, oil or
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coal. However, it is important to stress that only 4 to 6% of all the oil and gas used in Europe

is employed in the production of plastic materials®.

Fig. 2 Current distribution of oil
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The growing demand for cheap and durable plastics leads to a fast-growing global waste
problem. Many different technologies are still being developed to address the plastic waste
issue. Many of recycling technologies focus on energy recovery or mechanical recycling.
Energy recovery closes the multimillion-year life cycle of plastics through their thermal
decomposition to CO2 or liquid fuel, which can be converted to CO> through combustion.
Mechanical recycling has a disadvantage of aggravating the material mechanical properties
which means that this process is not possible to be carried out indefinitely. The coal life cycle
is presented below (Fig. 3), the rates of exchanges between individual stages are marked. It can
be clearly seen that the application of bio-polymers, such as polyhydroxyalkanoates, eliminates

the long-lasting composting process and prevents the materials accumulation on the landfill.
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Fig. 3 Carbon life cycle. Mineralization of organic matter into fossil fuels is a very slow process. Crude oil is
quickly recovered and can be easily converted into fuels or plastics. The plastic wastes are produced at a very
fast rate and their mineralization subsequently takes hundreds of years. Plastic waste can serve as a microbial

fermentation substrate, which is converted to PHA, thus capturing the CO,. Biopolymers undergoes natural

decomposition, which results in a much slower CO; release to the atmosphere.
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Petrochemical plastics are recalcitrant in nature and wide scale of biodegradation in case of
conventional polymers of petrochemical origin has never been demonstrated. The multi-million
tones levels of plastic manufacturing and usage coupled with disposal and lack of recovery has
led to serious waste management issues. In 2014, out of over 180 million tons of garbage
discharged in USA almost one fifth were plastics® (Fig. 4). The share of plastics on the landfills
is systematically growing. Less than 10% of that plastic waste was recovered for recycling
leaving 30.92 million tons of plastic for landfill or incineration in 2014,
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Fig. 4 The amount of selected materials generated in the municipal waste stream in the United States between
1960 and 2014. The share of plastic garbage in the entire amount is also indicated on the graph®.

Although the Europe situation is improving, in many countries, landfill is still the first or second
option of treatment for plastic post-consumer waste. In countries such as Switzerland, Austria
or Germany virtually no plastic waste is being disposed of at landfill. Over 70% of plastic waste
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is managed in these countries through energy recovery, the remaining part is being materially

recycled. New EU member states, as well as Poland, Spain and Greece, are trailing far behind

with less than 40 % of plastic waste being recovered®.
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Fig. 5 Plastic post-consumer waste rates of recycling, energy recovery and landfill
per country in 2016°

The difference in recovery and recycling rates among European countries is large. The existing

regulations have a significant importance for waste management in individual countries. In

some countries specific legislation exists (Switzerland, Austria, Germany, Netherlands), while

in others plastic producers and farmers voluntarily try to achieve recycling goals (UK, Belgium,

France.). In the worst case are countries where no legislation or restrictions are implemented

(Poland, Bulgaria, Lithuania, Romania). The state of legislation in a given region clearly

translates into the amount of plastics that can be found in landfills (Fig. 6) and are not being

recycled in any way.
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Fig. 6 Plastics post-consumer waste landfill rate across Europe®
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ditional plastics to biopolymers

Biopolymers are the types of polymers that are produced by living organisms. This includes
plants of many types, such as corn and soybeans, but can also come from different types of trees
and even some bacteria’. They are polymeric biomolecules and can be classified depending on

the polymers structure and monomeric unit used to form the molecule®:

e Polynucleotides like DNA or RNA — composed of 13 or more monomers
e Polypeptides — short amino acid polymers
e Polysaccharides — linear carbohydrate structures

depending on their origin®:

e Polyesters (PHAs, PLA)
e Proteins (Silk, Collagen, Gelatin Soy, Zein, Gluten, Albumin etc.)
e Polysaccharides:
o Bacterial (Xanthan, Dextran)
o Fungal (Pollulan, Elsinan)
o Algal, Plant (Starch, Cellulose)
o Animal (Chitin, Hyaluronic Acid)
e Lipids (Acetoglycerides, Waxes)
e Polyphenols (Lignin, Tannin)
e Other polymers (Natural rubber, PGGA, polymers from fats and oils)

The first man-made bioplastic a material called Parkesine produced by Alexander Parkes
who exhibited it at the 1862 Great International Exhibition in London. It was a biological
material derived from cellulose®. Celluloid is a biomaterial originating from cellulose and
alcoholised camphor, introduced by John Wesley Hyatt as an alternative for the ivory in billiard
balls in 1868. Pure cellulose polymer was not sufficiently strong enough until the supplement
of camphor, a by-product of the laurel tree. Celluloid found its major application as the first
flexible photographic film. John Wesley Hyatt produced celluloid in a strip format for movie

film applications®®.

After cellulose nitrate, formaldehyde was the next substance to change the technology of
plastics. Around 1897 technology turned to casein plastics (milk protein mixed with
formaldehyde) what effected in production of Galalith and Erinoid, two initial products to be

found in the trade.
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In 1899, a British Patent no. 16,275 (“Phenol-formaldehyde resins for using an ebonite
substitute in electrical insulation™) was established by Arthur Smith. It was the first attempt for
formaldehyde resin processing. In 1907, Leo Hendrik Baekeland upgraded phenol-
formaldehyde reaction performances and invented the first entirely synthetic resin named
Bakelite.
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The investigation of biopolymers has been reserved to biochemists and molecular biologists
for over half of a century. Nevertheless, during the last decade, the soft matter physics,
biophysics, chemists, and material scientists have been seized to this research field*'. The
current interest in developing novel materials has motivated an increasing need for biological
and medical studies for a variety of clinical applications. The concept of biomaterials is one of
the most important concepts generated by the need of application of materials science in the
medical field'2. A biomaterial can be defined as a material used to make devices replacing a
part or a function of the organism in a safe, reliable, economic, and physiologically acceptable
manner®3, According to this definition a knowledge in a number of different disciplines have to
interact and connect with each other in order to properly and efficiently develop and use
biomaterials in bioengineering or medicine'®. Originally, the selection of materials used as
medical implants was limited to those already available and well known. Early implantable
materials include metals such as gold that were used in dentistry over 2,000 years ago®. The
term “biomaterials” was first introduced in the 1950’s.

Parallel in the same time, fueled by the industrial expansions of polymer synthesis, the
employment of synthetic polymers for biomedical applications was initiated. The first polymer
material used in medicine were polymethylmethacrylate (PMMA), which found application in
dentistry in the 1930s and cellulose acetate used in dialysis tubing in the 1940s'®. Naturally
occurring materials such as collagen have also been used as biomaterials. However, in nearly
every case, materials were adopted from other areas of science and technology without
substantial redesign for medical use®®. Those early implants and medical devices made from
the available industrially used materials were oftentimes incompatible with the host tissues,
caused recoils and rarely fulfilled their task.

The role of possible causes was attributed to factors like plasticizers, un-polymerized
reactants, and degradation products. All this led to the development of research areas focusing
on exploration of polymer features for biomedical applications and biocompatibility testing.
Rapid advances in immunology and better understanding of the possible foreign body reaction
caused the development of first generation biomaterials in 1960’s and 1970°s*6. These materials
were designed with a main objective to match the mechanical properties of the replaced tissue,
and by preventing protein adsorption and cell adhesion, to reduce the possible immune response
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and rejection'?Y’. The next stage of development took place in the early 1980s, research shifted
from materials exclusively exhibiting bio-inert tissue response to substances actively
interacting with their environment. The second-generation biomaterials were specifically
designed to be “bioactive” by eliciting specific and desired cellular responses, like cell
adhesion, proliferation and differentiation into a specific cell type!®. An additional advance in
the second generation materials was the development of biodegradability which allowed
controllable chemical disintegration into non-toxic degradation products, which can be
metabolized or directly eliminated from the organism®. Whereas second-generation
biomaterials were designed to be either resorbable or bioactive, the next generation of
biomaterials is combining these two properties, with the aim of developing materials that, once
implanted, will help the body to heal itself. Third-generation biomaterials are being designed
to stimulate specific cellular responses at the molecular level. Third-generation bioactive
glasses and macroporous foams are being designed to activate genes that stimulate regeneration
of living tissues. A cellular and molecular basis for development of third-generation
biomaterials provides the scientific foundation for molecular design of scaffolds for tissue
engineering and for in situ tissue regeneration and repair, with minimally invasive surgery.
There are important economic advantages to each of these new approaches that may aid in
solving the problems of caring for an aging population'®. Over the years, a significant increase
in the share of biopolymers in biomaterials production has been observed. This share is
constantly growing, and biopolymers are slowly replacing traditional petroleum-based
polymers and materials commonly available and used in other industrial fields. A schematic
illustration showing the process of changes taking place on the biomaterials market is shown
on Fig. 7.

1930°s Early implantable 1980-2000 Second generation
materials — PMMA, materials (bioactive) — biodegradable
plastic contact lenses, polymers, shape memory materials
cellulose dialysis tubing, with programable surface

nylon sutters, stainless

steel hip replacements

2020 - Gradual displacement of

traditional fossil-based plastics

Q by biopolymers of natural origin
s

2001-present Third generation materials — regeneration of
tissues, induction of specific cellular response, reabsorbable
scaffolds, molecular tailoring of GF’, adhesive amino-acids
sequences, gene expression activation

1960-1970 First generation materials
(bio-inerts) — silicon rubber, PGA

Fig. 7 Schematic representation of biopolymers participation in biomaterials market evolution®’ '8,
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The term biodegradation is associated with materials that could be broken down by natural
processes either through chemical mechanisms without enzymes contribution (hydrolysis) or
enzymatic driven mechanism®. It is a two stage process with regards to polymers, the first
phase is a fragmentation of the polymeric chain into lower molecular mass species, the second
one relies on bio assimilation of the polymer fragments by microorganisms and their

mineralization?. This basic property of materials depends on many factors, and one of them is

the origin of the polymer.
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Wheat
— Maize
Potatoes
_ ) ! Wood
Polisacharides Lignoceluloses —

Pactinz
Others Chitosan
Whey

Cums
II Amnimals —
II Colagen
I| Proteins, Lipids Zein
e Soya
Ghrten

|

|

|

|II

Obtained by — Poly(hydroxybutyrate) (PHE)

ApT0-
TesgurCes

Agro-polymers

Casein

Extraction

e a  Folilactydes

Conventional
synthesis from
bio-derived
monamers

Poliesteramides

Fig. 8 Biopolymers classification by source of origin, Petroleum based polymers are included on this graph,
because selected plastics exhibit biocompatibility and are biodegradable®.
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55.1. “Green polymers” originating from petroleum resources

These are synthetic polymers containing hydrolysable functional groups, like ester, amide
and urethane, or polymers with carbon backbones, in which additives like antioxidants can be
added?. Because of fact that petroleum-based polymers do not present full biodegradability a
modification relying on enriching them with additives is necessary. Recent research activity on
biodegradable synthetic polymers is focused on designing polymers with degradable
backbones, e.g. polyanhydrides, polycarbonates, polylactones. Other method to enhance the
biodegradability is the introduction of additives into the polymer chains which by reaction with
UV light will induce degradation by photo-oxidation. Light - induced polymer degradation, or
photodegradation, includes the physical and chemical changes caused by irradiation of
polymers with ultraviolet or visible light. In order to be effective, light must be absorbed by the
substrate (polymeric system)??. Polyolefins are resistant to hydrolysis, to oxidation and to
biodegradation due to photoinitiators and stabilizers. They can be made oxo-degradable by use
of pro-oxidant additives. These additives are based on metal combinations, such as Mn?*/Mn®*.
The polyolefin will then degrade by a free radical chain reaction®.

5.5.2. Biopolymers derived from Renewable Resources

Due to extensive use in industry and agriculture, synthetic polymers are essential for modern
material sciences. Most synthetic polymers based on fossil fuel resources are incompatible with
the natural environment, since they cannot be directly incorporated into the natural recycling
system. It is possible to produce conventional polymers from natural resources (i.e.
polyethylene (PE) from ethanol), but a better solution is widening use of naturally occurring
biopolymers, traditional polymers, even when produced from renewable resources, do not
present full biodegradability and contribute to the environment degradation. Much effort has
been undertaken to examine the properties of environmentally friendly polymers originating
from natural, renewable to expand their practical applications?. Moreover, natural polymers
perform a diverse set of functions in their native setting. For example, polysaccharides mediate
transmembrane and intracellular communication and also can act as storage materials or as

catalysts?*. These biological polymers can be obtained from microbial, plant or animal sources.

5.5.2.1. Agropolymers

Various polymers obtained from products or by-products of agricultural origin are proposed

for the formulation of biodegradable materials or edible films. These polymers
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(polysaccharides, proteins and lipids, or polyesters) can be used in various forms. The materials
obtained from agropolymers are fully renewable and biodegradable. They are non-toxic to the
soil and the environment, and they can be even edible when food-grade ingredients are used to
prepare the material®*. Polysaccharides are a class of biopolymers created from simple sugar
monomers. Those used in commerce and industry are isolates from terrestrial and marine plants
or are principally the exogenous metabolites of some bacteria®. The monomers
(monosaccharides) are linked together by O-glycosidic bonds that can be made to any of the
hydroxyl groups of a monosaccharide, conferring polysaccharides the ability to form both linear
and branched polymers.
Two processing pathways can be distinguished for agropolymers?*:
e Dry process — thermoplastic extrusion, based on biopolymers thermoplastic
properties
e Solvent process — based on drying of the film-forming solution
Since agro-polymers are relatively costly to produce, actual application areas are limited to
special niches with environmental considerations. Loose-fill packaging and compost bags are
the two major end uses, creating 90% of the global demand. New applications in agriculture
and food packaging are emerging. Edible films and coatings provide an easy means of
structurally strengthening certain foods, reducing particle clustering and improving visual and
tactile features on product surfaces. Edible films can also be used to package components or
additives that are to be dissolved in hot water or food mixes, and also act as an additional
parameter for improving overall food quality and stability?. A wide spectrum of applications
can be found in medicine where these polymers can be used for the production of surgical
sutures, gauzes, implants or biodegradable wound dressings?2’.

5.5.2.2. Microbial polymers

There is a wide group of polymers produced by microorganisms that can find applications
in many industry branches. Protein polymers are custom-designed material-forming proteins.
They are made by living cells in the same way as other proteins but behave like synthetic
molecules with special controllable characteristics?®. Nanocellulose based biopolymers has
generated a great deal of interest as a source of nanometer-sized reinforcement,
because of its good mechanical properties. In the last few years, nanocellulose have also
attracted much attention due to environmental concerns?®. One of the intensely studied and
widely used group of biopolymers of bacterial origin are polyhydroxyalkanoates (PHAS)%.

They are stored inside the bacteria in the form of granules, which are easy to recover and

27



purify*°. This group of polyesters is produced by a wide variety of microorganisms as an
internal carbon and energy storage compounds, as part of their survival mechanism3..
Polyhydroxyalkanoates represent a class of optically active biodegradable polyesters®2. The
first reported PHA, a homopolymer of PHB, was discovered by Lemoigne in 1926. It took
nearly 60 years for the first medium chain length PHA (mcl-PHA) to be characterized and
described®3. Bacterially synthesized polyhydoxyalkanoates (PHASs) have attract much attention
because they can be produced from a variety of renewable resources, are fully biodegradable
and highly biocompatible materials®*. This intriguing biological polyester initially attracted the
attention of microbiologists and managed to keep many polymer scientists occupied over the
second half of the last century. Concerted multidisciplinary scientific approaches have been
directed to the elucidation of various aspects of PHA®. The identification of hydroxyacid (HA)
units other than poly-3-hydroxybutarate (P3HB) in microbial PHA proved to have major impact
on the research and commercial interest for this bacterial reserve polymer. While the
homopolymer of P(3HB) is a brittle material with limited applications, the incorporation of a
second monomer unit into P(3HB) can significantly enhance its useful properties. This finding
is therefore highlighted as a landmark which signifies the beginning of the second
developmental stage of research on PHA®. The last stage of development in research
concerning bacterial PHA involved the cloning and characterization of genes engaged in the
biosynthesis of reserve polyesters. The onset of the molecular biology revolution during the late
1970s provided new tools for biological research, which were successfully used to decipher
genetic information and to understand further the principles behind PHA biosynthesis at the

genetic level®’.

5.5.2.3. Polymers derived from monomers produced in biotechnological processes

The development of synthetic polymers using monomers from natural resources provides a
new direction to develop biodegradable polymers from renewable resources. One of the most
promising polymers in this regard is polylactic acid (PLA)*®. PLA is obtained through the
chemical polymerization of enantiopure lactic acid produced from fermentation process. The
cost of producing PLA is lower than PHASs and its uses in the plastic market have increased
based on the development of additives to improve its properties®. PLA can be prepared by
direct polycondensation of lactic acid. However, it is usually difficult to obtain high molecular
weight polymer by polycondensation. Each polymerization step generates one molecule of
water, which degrades the forming polymer chain and results in low molecular weight PLA. To

obtain a high molecular weight water has to be removed during the polycondensation process
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(see 5.7.2.1). PLA is biocompatible and bioresorbable and can find application in a number of
biomedical products such as sutures, implants, bone scaffolds, drug delivery systems, and in
tissue engineering. PLA can also be employed in the preparation of bioplastics, useful in

production of packaging, compost bags and everyday objects?.
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olymers — application and perspectives

Sustainability, industrial ecology, eco-efficiency, and green chemistry are guiding the
development of the next generation of materials, products, and processes*°. The same durability
properties which make plastics ideal for many applications such as in packaging, building
materials and commodities, as well as in hygiene products, can lead to waste- disposal problems
in the case of traditional petroleum-derived plastics, as these materials are not sustainably
produced, in most cases not readily biodegradable and because of their resistance to microbial
degradation, they accumulate in the environment. These facts have helped to stimulate interest
in biopolymers and in particular biodegradable biopolymers?.

Biopolymers represent one of the leading sectors for bio-based products and their expected
growth is foreseen to be significant within the coming years*!. Due to the growing demand for
energy and dwindling fossil fuel resources the global economy is aiming to replace currently
known energy sources by greener, bio-based and sustainably produced equivalents. The trend
also concerns the market for materials for which fossil fuels are also used and their production
is very energy-consuming. Polymers of natural origin represent features that are unique among
conventional fossil-based plastics. The market for biomaterials will grow, and the products
themselves will find applications not only in niche areas where traditional polymers do not
apply, but also will slowly replace them from the business'’#?4. Another advantage of
biomaterials is the fact that they can be produced from a range of currently underused or unused
environmental resources such as biomass, post processed industrial waste streams (food, wood
and biodiesel industries effluents) or wastewaters. Due to their chemical structure, these
substances can be easily modified both by attaching functional groups and by creating physical
mixtures. This means that their functionality is virtually unlimited and depends only on the
modifications applied. Subjecting the material to enzymatic or chemical modifications allows
their use in all branches of industry, both the production of ordinary packaging as well as
specialized biomedical products such as implants or scaffolds. Biopolymers as biomaterials and
matrices in tissue engineering offer important options in control of structure, morphology and
chemistry or material functions such as mechanical properties in gel, fiber and porous scaffold
formats®. For example, xanthan gum was the first biopolymer to be produced at the industrial
scale and still is one of the most significant on the market. Its worldwide annual production in
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2012 was approximately 100,000 metric tons with a market price of 3 to 5 US$ per kg*®. Bio-
based polymers still hold a tiny fraction of the total global plastic market, they share less than
1% of the total market. As indicated by I1SI Web of Sciences (Fig. 9A) and Thomas Innovations
(Fig. 9B), there is a tremendous increase in the number of publication citations on bio-based

polymers and applications in recent years*.
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Fig. 9 Citation trends of (A) publications and (B) patents on bio-based polymers in recent years*.

One of the extensively studied class of biodegradable polymers are aliphatic polyesters. The
reason for this is their diversity and synthetic versatility. A large variety of monomers can be
used in the production process. Various routes leading to the development of synthetic
polyesters exist and have been recently reviewed and tested?’. Low molecular weight polymers
can be obtained by polycondensation, whereas ring opening polymerization leads to high
molecular polymers. Most biodegradable polyesters are product of ring opening polymerization
of six or seven membered lactones*’. There is also a large group of polyesters naturally
occurring in the environment like caoutchouc (India rubber) or cellulose. Some of

microorganisms like bacteria present ability of producing and storing biopolymers (i.e. PHAS).

5.6.1. Polyhydroxyalkanoates — biopolymers produced by naturally occurring

microorganisms

PHAs are excellent biocompatible materials due to the lack of toxicity with human tissue or
blood®. In vivo tests have shown that these polyesters are biocompatible to osteoblastic,
epithelial and neuronal cells***°. Other engaging feature of PHAs is their full biodegradability.

Even though PHAS have proved their usefulness due to their desirable mechanical properties,
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intrinsic biodegradability and biocompatibility, the high price is limiting their everyday life
application significantly. Production of PHAs using agro-industrial residues offers an
alternative use of low-cost feedstock to produce materials with appropriate physicochemical
properties offering a broad range of applications*'. Currently, biopolymers based on PHA

account for around 2.5% of the market (Fig. 11).
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5.7.1. Elastic substrates’ significance for biological sciences

Despite considerable progress in understanding chemical mechanisms in interactions
between cells, and the environment, such as signaling pathways and molecular structures, the
influence of mechanical properties of the environment on the behavior of cells, tissues or entire
organs remains faintly understood field in cellular research®®. It is confirmed that all cells
undergo complicated mechanical affections with their environment. These interactions are the
physical basis for numerous physiological phenomena like cell migration, wound healing,
embryonic development or tumor metastasis®2. The significance of relationship between the cell
physiology and its surroundings was not revealed until the 1950s°. Numerous studies
conducted in scientific centers around the world has confirmed that many diseases, dysfunctions
and pathological occurrences of an living organism have their basis in alterations in mechanical
properties of a given tissue®-°2, The mechanical properties of the extracellular matrix have also
been found to be crucial in the regulation in cell proliferation, differentiation and growth. The
parameter that particularly affects the behavior of cells is flexibility of the substrate. In addition,
it has been proven that often the progression of a cancer disease is closely related to the change
in the elasticity of a given tissue®:2°354 |n Table 1 the chosen tissues of a given species along

with the values of their elasticity modules are presented.
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Type of tissue Animal Elastic Modulus Testing method
Articular cartilage Bovine 950kPa Compression
Skeletal muscle Rat 100kPa Tension
Carotid artery Mouse 90kPa Perfusion
Spinal cord Human 89kPa Tension
Cardiac muscle Mouse 20-150kPa Tension
Lung Guinea pig 5-6kPa Tension
Kidney Swine 2.5kPa Rheology
Liver Human 640Pa Compression
Brain Swine 260-490Pa Indentation
Thyroid cancer Human 45kPa Compression
Fat Human 17Pa Indentation

Table 1. Tissues of a given species along with the values of their elasticity modules and testing methodology®.

To collect information about processes affected by flexibility of the cell’s environment, the
forces exerted by the cell as well as their response should be thoroughly investigated. An
effective and authoritative method to gather all desired data are flexible cellular substrates. One
of the commonly used materials in cellular research are polymer hydrogels. They have also
found applications in biomedicine and pharmacy, allowing, e.g., monitoring the delivery and
release of drugs®. One of the types of polymer hydrogels are polyacrylamide flexible
substrates. In polyacrylamide gels water acts like dispersed phase, while as a gelling phase
various polymer are used. They are formed by the polymerization of acrylamide crosslinked
with bisacrylamide. For the reaction to occur, the presence of polymerization catalyst -
TEMED, as well as the reaction initiator — persulfate ammonium is required®®. A tidy feature
of elastic polyacrylamide hydrogel is isotropy and elasticity, which gives the opportunity to
study cellular tractions and migration, cytoskeleton architecture and other parameters on the
entire surface of the substrate. A very important feature of polyacrylamide substrate is its
transparency, which allows optical microscopy studies. The pores present in the polymerized
gel do not exceed 100 nm, which prevents cells from migrating deeper into the substrate. An
additional advantage of polyacrylamide gels is that their surface may be easy functionalized
with various extracellular matrix proteins. This feature allows to create conditions close to
physiological with simultaneous manipulation of mechanical and chemical properties of the

substrate. It creates comprehensive research possibilities and allows to simulate the
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physiological behavior of cells from different regions of the organism®’. Proper execution of
this type of substrate is accompanied by a difficult, multi-stage preparation process. In addition,
they include ingredients that are not neutral for cultured cells. Cells do not show willingness
for adhesion to the substrate without additional surface functionalization with proteins like
fibronectin or FBS®455859,

Due to the rapid advances in cellular and material research, it is important to look for novel
materials that can serve in cellular studies and as biomedical substance with unique features.
New biocompatible materials can facilitate cellular research as well as perfectly serve as a raw
material for the production of medical articles such as wound dressings, implants or

scaffoldings for bone tissue.

5.7.2. Polylactide — biodegradable and bioactive polyester

Polylactide (PLA) is one of the most innovative materials being actively investigated for a
wide range of industrial applications. This biodegradable and biocompatible polymer is a linear
aliphatic thermoplastic polyester. Polylactic acid (PLA) polymers are synthesized and obtained
from renewable agricultural resources®®. PLA is an attractive choice for applications involving
human interface because of its biocompatibility and biodegradability®’. By considering the
production at large industrial scale, PLA is a relatively new polymer because the first full-scale
plant capable to produce 140,000 metric tons per year was started in Blair, Nebraska, USA in
200252, The bio-based plastics market is projected to increase to about 3.45 million tons by

2020, in which PLA alone is estimated to account for about 800,000 tons®2,

5.7.2.1. Polymer synthesis

PLA can be obtained by chemical synthesis in three different reaction routes (Fig. 15)%%.
Polymers can derive directly from lactic acid (LA) and be obtained by polycondensation (Fig.
12). Those are usually referred to as poly (lactic acid). This process needs to be carried out at
less than 200°C; above that temperature, the entropically favored lactide monomer is
generated®®*, Polycondensation is polymer formation process by linking monomers together,
accompanied by elimination of byproducts (e.g., water and alcohols). In case of PLA,
polycondensation of lactic acid by connecting carboxyl and hydroxyl groups produces water
byproduct simultaneously. Due to the difficulty in removing byproducts completely from the
highly viscous reaction mixture, polymer produced through direct polycondensation is usually

of low molecular weight®®.
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Fig. 12 Obtaining PLA by polycondensation directly from lactic acid.

In 1932, a new method named ring opening polymerization (ROP) was firstly demonstrated
by Carothers®’. In the recent decade, polycondensation techniques have been improved with
more efficient synthesis methods. Several modified methods have been reported to produce
PLA with high molecular weight successfully®. Ring-opening polymerization is a propagation
process of cyclic monomers initiated by different ions. As the reactive center of proliferation,
the terminal end of a polymer classifies the mechanism into anionic ROP, cationic ROP and
radical ROP®8, PLA preparation from lactide by ring opening polymerization (ROP) is
presented on Fig. 13. Materials obtained with the second route of synthesis are popularly called
polylactides. Both types are commonly referred to as PLA, and this abbreviation is current in
the scientific publications®®. Ring-opening polymerization (ROP) of lactide is a preferred route

to prepare PLA because of the higher controllability of the polymerization process?.
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Fig. 13 Production of PLA by ring opening polymerization (ROP) method.

Because the lactide molecule has two chiral carbon atoms in its structure, three stereoisomers
of lactide (Fig. 14) can be generated. L-, D- and meso-lactide are the final product of the

reaction®,
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L-Lactide D-Lactide meso-Lactide

Fig. 14 Stereoisomers of lactide®®.

Comparing with polycondensation, polymerization of lactide can produce polymer with wider
range of molecular weight by controlling the purity of lactide and synthesis conditions, without

chain coupling agent or azeotropic system®®.
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Fig. 15 Routes of poly (lactic acid) (PLA) synthesis from lactic acid.

5.7.2.2. PLA microbial production

Polylactide can be chemically synthetized in a cheap and efficient way but to maintain the
high reaction velocity the chemo-process must be carried out via harmful metal catalysts with
high reaction what leads to production of chemical residues that are subject to health and safety
concerns. The bio-process for PLA production is thus preferable to overcome this problem.
Polylactic acid is naturally produced by a wide spectrum of microbes including bacteria, yeast
and filamentous fungi. In general, bacteria ferment C5 and C6 sugars to lactic acid by either
homo- or hetero-fermentative mode. Among bacterial strains lactic acid producing bacteria is
reserved specifically for the lactic acid bacteria (LAB), which include Lactobacillus, Bacillus,
Pediococcus, Aerococcus, Carnobacterium, Enterococcus, Tetragenococcus, Vagococcus,
Leuconostoc, Oenococcus, Weissella, Streptococcus and Lactococcus’.

Lactic acid bacteria are categorized as homo- and hetero-fermentative strains. Homo-
fermentative lactic acid bacteria contain the gene expressing a mechanism of converting one
molecule of glucose into two molecules of LA generating two molecules of ATP. Hetero-
fermentative bacteria use the phosphoketolase pathway to convert one molecule of xylose to
one LA molecule as a byproduct one ethanol or acetic acid molecule is formed™.

Molecular biology, as a tool to create more efficient process, comes with aid to chemical
polymerization. Therefore, with its help scientists created a synthetic pathway in order to
synthesize PLA in vivo. In the PLA biosynthesis pathway, the engineered propionyl-CoA
transferase (PCT) converts lactate into lactyl-CoA. The lactyl-CoA is subsequently
polymerized by the engineered PHA synthase (PhaC) to form PLA".
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Fig. 16 Microbial production of LA-based polyester. PLA can be synthesized during chemo-process where the
copolymerization of LA with other monomer units is performed. In microbial bio-process, the LA monomer
substrate is recognized as a CoA form (LA-CoA) by LA-polymerizing enzyme.

5.7.2.3. PLA production from raw materials

Lactic acid is traditionally produced from glucose, lactose, dairy plant wastes (skim milk,
whey, paneer whey), starch (potato, cassava, wheat, rice and sorghum), molasses and glycerol
originating from biodiesel industry. However, the use of traditional raw materials competes
with the supply of foods and feeds increasing the production cost. Therefore, producing LA
using less expensive carbon sources has now become a focus of LA production.
Plant biomass is the most abundant renewable resource on earth. Plant cell wall contains
cellulose, hemicellulose and lignin. Starch is a carbohydrate polymer which cannot be directly
utilized by most microbes for metabolism. The addition of amylases is usually mandatory to
release fermentable sugars (glucose) from starch. Algal biomass is rich in carbohydrates and
proteins which could be a good source for producing LA. Lack of lignin in algal biomass is an
additional advantage over plant biomass. Dairy plant wastes have been used for LA production
by for a long time. Due to its poor nutritional status wastes such as whey, must be enriched with
nitrogen sources such as yeast extract, peptone, soy flour or corn steep liquor to significantly
improve LA production efficiency. Nitrogen is the building block for living cells and is essential
for the synthesis of amino acids, purines, pyrimidines, some carbohydrates and lipids, co-factors

and other nitrogen containing substances’?.
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Fig. 17 PLA production from renewable plant resource. The plant is fermented and distillated to produce lactic
acid. Lactic acid is then converted into PLA resin through a series of processes, such as refining, dehydration,
polymerization, high-temperature de-polymerization and polymerization.

5.7.2.4. PLA physical properties

PLA boasts high mechanical strength and Young modulus value, but it has low impact
toughness, low use temperature, and a relatively small window for processability. In addition,
PLA has a high hydrophobicity and low degradation rate, which may be undesirable for certain

biomedical applications®’. Below in Table 2 selected physical properties of PLA have been

collected.
Physical properties of PLA
Crystallinity 0% (PDLA)-37%(PLLA)
Glass transition temperature Ty 50-64°C
Melting temperature Tm 145-168°C
Tensile strenght 28-50 Mpa
Young’s modulus 1.2-3.0 GPa
Elongation at break 2-6%

Table 2. Selected physical properties of PLA polymer®:,

39



5.7.2.5. PLA applications

PLA is an attractive choice for applications involving human interface because of its
complete biodegradability and biocompatibility®’. Some of the mechanical properties of
polymer like tensile resistance makes it an ideal candidate for load-bearing applications,
however low impact toughness, limits its usability in mechanically intense applications such as
implants or bone grafts®®. Beside medical applications, PLA is a growing alternative as a
“green” food packaging polymer. New applications have been claimed in the field of fresh
products, where thermoformed PLA containers are used in retail markets for fruits, vegetables,

and salads. The market capacity of these products packaged in PLA is virtually unlimited.
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Fig. 18 U.S. PLA market volume by application, 2014 — 20257,

Commercialized PLA products demonstrate this fact that PLA is not being used solely because
of its degradability, nor because it is made from renewable resources; it is being used because
it functions very well and provides excellent properties at a competitive price. There are many
commercialized PLA products in today’s market and their variety and consumption are

increasing rapidly.

5.7.3. Polyhydroxyalkanoates (PHAS) — biocompatible materials of bacterial origin

Production of PHAs from various microorganisms including wild-type and engineered
bacteria has been extensively investigated’®. PHAs are non-toxic materials which

biodegradation leads to products that are harmless for the natural environment”. Due to the
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diverse chemical structure they are highly versatile and present a broad range of physical and
chemical properties. Short chain PHA (scl-PHA) has properties similar to conventional plastics
such as polypropylene or polyethylene, while mcl-PHA has elastomeric properties?’. Therefore,
they are a wholesome alternative to synthetic petrochemical polymers in a broad variety of
applications. Initially PHAs were used in packaging industry. They served as a stock material
for cosmetic bottles, shopping bags and food containers’®.

Polyhydroxyalkanoates (PHAS) are polyesters of hydroxyalkanoates (HAS) synthesized and
stored in the cell cytoplasm as water insoluble inclusions by various microorganisms343°, as
light refracting granules inside the cell (Fig. 20). This accumulation in granules separates the
polymer from the cell lumen and, consequently, the osmotic pressure of the cell is not changed
extensively. The number of granules per cell seems to be strain specific’’. A scheme of PHA

granule’”"® is shown in Fig. 19.

Phasins PHA polymerase

Proteins

PHA depolymerase

Phospholipid monolayer

Fig. 19 Scheme of PHA granule. The core consists of PHA and is covered with lipid monolayer with integrated
proteins. The proteins integrated in the monolayer are PHA polymerase, PHA depolymerase, phasins (structural
proteins) and small fraction of proteins of unrecognized function.
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Fig. 20 Polymer producing cells filled with PHA granules™.

Polyhydroxyalkanoates are gaining increasing attention in the biopolymer market due to
their promising properties such as high biodegradability in different environments and
processing versatility. These biogenic polyesters represent a promising replacement for fossil
fuel-based thermoplastics®® due to their structural diversity and close analogy to common
plastics’®. More than 150 HAs have been marked as PHAs components, they provide various
mechanical properties (i.e. solid crystalline polymer or elastic rubber) depending on the
incorporated monomer units in this thermoplastic materials3*,

PHAs represent a class of optically active biodegradable polyesters accumulated by
numerous bacteria as discrete intracellular granules® or as a net like extracellular structures®
to levels as high as 90% of the cell dry weight under conditions of nutrient stress’®. PHASs serve
as a carbon and energy reserve material for organisms using them as substrate®2.
Poly(3-hydroxyalkanoates) (PHASs) are structurally simple macromolecules, their chemical
structure is linear in a head to tail formation of (R)-3-hydroxyalkanoic acids with the carboxyl
group of one monomer forming an ester bond with the hydroxyl group of the neighboring
monomer®?. The chemical structure of PHAs monomer is shown in Fig. 21.

PHAs can be divided into different categories depending on the chosen criteria. When
the length of a single monomer chain is considered PHAs can be categorized as short
(C3-C5; scl-PHA), medium (C6-C14; mcl-PHA) and long (>C14; Icl-PHA).

R 0
H
fo Mo
n

Fig. 21 Chemical structure of single PHA monomer.
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When in a single PHA molecule monomers of different length are incorporated a mixed
copolymer can be formed i.e. as a copolymer consisting of (R)-3-hydroxybutyrate and
(R)-3-hydroxyhexanoate (PHBHXx)®. Thanks to the possibility of R group substitution in PHAs,
with the use of various functional groups such as ester, branched olefinic, cyano, amino, nitroso,
nitrophenoxy, chloro, carboxylic and phenyl, a plastic with pre-set chemical properties or

biological activity can be produced?®.

LI

Fig. 22 Chemical structure of PHAs, where R1, R2 are various side chains
PHAs are containing only the R-enantiomer, which means they are a source of chiral
molecules®*. The presence of two groups (hydroxyl and carboxyl) makes the monomer

relatively susceptible to modification®7.

Criterium Classification

Biosynthetic m  Natural - produced by microorganisms from
metabolites

m  Semisynthetic - precursors that cannot be
synthesized by bacterium addition required

o m  Synthetic - polyesters that can

Source of origin only be obtained by chemical synthesis

Chemical m  Containing aliphatic fatty acid derivatives
(with functional groups in the monomers)

m  Containing aromatic fatty acid derivatives

Containing both aliphatic and aromatic fatty

acid derivatives

Short-chain length (C3-C5) - scl-PHAs

Medium-chain length (C6-C14) - mcIPHAS

Long-chain length (>C14) - Icl-PHAS

Homopolymer - single monomer type present

Heteropolymer (copolymer) - more than one

monomer type present

Monomer size

Type of monomers in polymer

Table 3. Classification of Polyhydroxyalkanoates®(see Fig. 8).

5.7.3.1. PHAs accumulation genetics and regulation

Poly-(R)-hydroxyalkanoic acids (PHA) are a group of storage compounds of carbon and
energy that are accumulated during unbalanced growth by many bacteria®.
The scl-PHA biosynthesis genes are organized on a gene cluster phaCAB that codes for three
proteins: PhaA (B-ketothiolase), PhaB (NADPH dependent acetoacetyl CoA dehydrogenase)
and PhaC (PHB Synthase). It has not been established how these gene products directly
contribute to scl-PHAs accumulation in bacteria. There are nine enzymes presumably taking

part in intracellular scl-PHAs degradation. The clear majority of them are depolymerases
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(Phaz1-PhaZz7) the rest is represented by two hydrolases PhaY1 and PhaY2. The PHA granule
surface is covered with proteins of many classes (Fig. 19) including phasins which are a class
of low molecular weight proteins structurally associated with PHA grain®. These proteins
prevent granules merging can regulate the size and amount of PHA granules in the cell. It has
also been proved that phasins positively affect PHB synthesis throughout the period of PHB
production®. There are 4 genes coding the phasins proteins but the main PHA inclusion binding
phasin gene is PhaP1 which protective role was revealed in PHB synthesizing E. coli bacteria®’.
The intracellular synthesis of scl-PHAs can be regulated at both enzymatic and transcriptional
level. Acetyl-CoA cytoplasmic concentration regulates the polymers accumulation. The
biosynthesis rate is controlled by 3-ketothiolase (PhaA) and acetoactyl-CoA reductase (PhaB).
Elevated PhaA and PhaB activity results in granule size increase, the number of granules
depends on activity level of PhaC. The expression of PhaP can be regulated transcriptionally
by PhaR regulation gene. When the conditions are not conductive for PHA accumulation PhaR
binds with the promoter region of PhaP thus repressing gene transcription. After the occurrence
of circumstances favorable for polymer accumulation PhaR binds to the PHA granule enabling
the PhaP transcription. During the following polymer accumulation stages PHA degradative
enzymes (PhaZ) begin mobilizing granules, PhaR rebinds to the promoter region of PhaP and
the gene transcription is repressed once again®. PhaR can control the amount of repressor
present in cells by binding to its own promoter region. Thanks to these regulation mechanisms,
the required PhaP concentration is always maintained to ensure the efficient polymer synthesis
to take place. Other genes homologous to PhaR have been reported in different PHA
accumulating bacteria, where they also act as phasin synthesis regulators®,

The mcl-PHA accumulation is regulated by two polymerases encoded by PhaC1 and PhaC2
genes. These genes are separated on the chromosome by the PhaZ gene, which codes for the
PHA degradation enzyme that mobilizes PHA to release carbon on restoration of the limiting
nutrient. PhaD, located next to PhaC2, is a gene responsible for PHA accumulation and

synthesis regulation through activation of Pf and Pi promoters.
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Fig. 23 Organization of the PHA biosynthetic genes.

Regulation of mcl-PHA biosynthesis has been studied to a limited extent®®%. In various
microorganisms’ promoters are identified basing on the sequence of the PHA biosynthesis
genes. It has been established that he phaC1l and phaZ genes are driven by single promoter,
whereas the phaC2 and phaD are driven by two separate promoters*%®, Phal and PhaF are two
additional genes, located downstream with opposite orientation to the Pha operon, that are
directly involved in granule structure formation. PhaF is a negative regulator of PhaC1 and
PhaF transcription’”%. It is also essential in controlling the granule localization inside the
bacterial cell. PHA granules are directed to cell center, forming a characteristic needle array

which can be clearly seen under a microscope.

5.7.3.2. PHAs accumulation biochemistry

PHAs can be accumulated from a variety of carbon sources, three enzymatic reactions

catalyzed by three distinct enzymes are generally involved in PHAS biosynthesis. The first
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reaction couples two acetyl-CoA molecules forming acetoacetyl-CoA while 3-ketothiolase
(PhaA) acts as a catalyst. In further stage the NADPH dependent acetoacetyl- CoA
dehydrogenase (PhaB) mediates in (R)-(3)-hydroxybutyl-CoA formation by reduction of
acetoacetyl-CoA. To obtain a final product which will be a scl-PHA polymer PHA polymerase
(PhaC) must initiate the polymerization process. Selected bacteria strains are capable of scl-
PHA co-polymers accumulation, some bacteria were found to accumulate a
ter-polymer  consisting of (R)-hydroxybutyrate, (R)-hydroxyvalerate and (R)-
hydroxyhexanoate monomer units.

Pseudomonas putida has a variety of potential uses in bioremediation and biosynthesis of
biodegradable plastics. P. putida is able to utilize a wide range of carbon sources®.
Pseudomonas putida strains are known to produce large amounts of mcl-PHAs under nutrient
limitation. P. putida KT 2440 is the best characterized strain and its genome has been fully
sequenced. This strain is metabolically versatile and is able to utilize a wide range of materials
including: glycerol, sugars (such as glucose), small organic acids (such as citrate), and fatty
acids as carbon sources®’. Carbon limited exponential feeding of nonanoic acid or other related
substrates to cultures of P. putida KT2440 is a simple and effective method of producing mcl-

PHAs, during this process nitrogen limitation is unnecessary®.

a. pB-oxidation

In B-oxidation cyclic process fatty acids are broken down and metabolized. Initially the fatty
acids are degraded to acetyl-CoA which is afterwards fed into the TCA cycle or directly
consumed in biosynthesis. During one B-oxidation cycle acetyl-CoA, NADH and FADH; are
produced. To provide more ATP NADH and FADH: can undergo oxidation via electron
transport chain. The fatty acyl-CoA shortened by two carbons can enter another reaction cycle.
The fatty acids metabolism consists of catabolic processes during which energy and primary
metabolites are generated, and anabolic processes which lead to creation of biologically
important molecules. The first step of B-oxidation is catalyzed by FadDs, which are long chain
fatty acyl-CoA synthetases associated with inner cell membrane. To activate FadD, an outer
membrane bound protein - FadL is required (Fig. 24-1). Next, the acyl-CoA
thioesters enter the B-oxidation cycle where they are subject to acyl-CoA dehydrogenase (FadE)
activity (Fig. 24-2). As a result, 2-trans-enoyl-CoA is created and subsequently converted to
(S)-3-hydroxyacyl-CoA by enoyl-CoA hydratase (FabB). At the next stage (S)-3-hydroxyacyl-
CoA is oxidized to 3-ketoacyl-CoA by (S)-3-hydroxyacyl dehydrogenase (Fig. 24-3). The last
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reaction step in the B-oxidation pathway is the catalyzation of acetyl-CoA by ketoacyl-CoA
thiolase  resulting in  receiving  acyl-CoA  shortened by two  carbons
(Fig. 24-5)%2,
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Fig. 24 Biosynthetic pathway for mcl-PHA from fatty acids.

(1) fatty acid degradation by acyl-CoA synthase (FadD);

(2) acyl-CoA dehydrogenase (FadE) transforms acyl-CoA into 2-trans-enoyl-CoA,;

(3) 2-trans-enoyl-CoA conversion into (S)-3-hydroxyacyl-CoA by enoyl-CoA hydratase (FabB);

(4) (S)-3-hydroxyacyl-CoA oxidation to 3-ketoacyl-CoA by NAD dependent (S)-3-hydroxyacyl-CoA
dehydrogenase (FadB);

(5) ketoacyl-CoA thiolase (FadA) catalyzes 3-ketoacyl-CoA to acyl-CoA;

(6) 3-hydroxyacyl-CoA epimerase converts (S)-3-hydroxyacyl-CoA to (R)-3-hydroxyacyl-CoA;

(7) Two molecules of trans-enoyl-CoA are transformed into (R)-3-hydroxyacyl-CoA by (R)-specific enoyl-CoA
hydratase (PhaJ), reaction may occur bi-directionally;

(8) 3-ketoacyl-CoA undergoes reduction catalyzed NADPH dependent 3-ketoacyl-CoA reductase (FabG) and
(R)-3-hydroxyacyl-CoA is obtained;

(9) PHA polymerase (PhaC) and (10) PHA depolymerase (PhaZz) participate successively in the mcIPHA
polymer production and degradation reaction.

In the retrieval of PHA precursor(R)-3-hydroxyacyl-CoAs from the (-oxidation cycle three
enzymes are involved. (S)-3-hydroxyacyl-CoA can be converted to (R)-3-hydroxyacyl-CoA by
3-Hydroxyacyl-CoA epimerase (Fig. 24-6). (R)-specific enoyl-CoA hydratase (PhaJ) mediates
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the transformation of two molecules of trans-enoyl-CoA into (R)-3-hydroxyacyl-CoA (Fig. 24-
7). This reaction is fully reversible. The third way to obtain (R)-3-hydroxyacyl-CoA is the
reduction of 3-ketoacyl-CoA by NADPH dependent 3-ketoacyl-CoA reductase (FabG) (Fig.
24-8). Two enzymes with opposite action are responsible for the polymerization and
depolymerization of mcl PHAs - PHA polymerase (PhaC) and PHA depolymerase (PhaZz).
Other PHAs accumulation pathways known are described in supplementary materials (13.
Alternative PHAs accumulation pathways).

5.7.3.3. PHAs applications
a. Non-medical applications

Initially PHAs were used for packaging purposes in the manufacture of cosmetic bottles,
shopping bags, containers food products. Biodegradability enabled PHAS to find application in
high end designer sanitary and bathroom commaodities purchased by environmentally aware
customers. Enclosures and cases for electronic devices such as mobile phones, notebooks and
other consumer electronic goods is another major area in which PHAs potential has been
noticed by suppliers®. A very interesting application of PHA is their use as starting chemicals
(synthons) for other chemicals taking advantage of their uniform chirality®. The ester bond
can be easily split either chemically with acid or base!®?, enzymatically'%? or through in vivo

degradation under specific conditions'®.

b. Medical applications

One of the alluring features of PHA is its biodegradability. It is property of PHA that has
gained the biopolymer interest not only as a potential alternative to traditional petrochemical
plastics, but also opened new areas of application for it>*. One of greatest advantages that PHAs
possess over other biodegradable polymers is their ability to degrade under both aerobic and
anaerobic conditions. By biodegradation the set of chemical reactions through which
macromolecules are subdivided into smaller molecules by different microorganisms is
understood. PHA can also be degraded by thermal means or enzymatic hydrolysis’. The
biodegradation process of a PHA polymer depends on its chemical structure (especially
presence of functional groups and hydrophilicity-hydrophobicity balance) and physicochemical
properties (mainly crystallinity and morphological properties and porosity)!®®. PHAs are
excellent materials for medicine due to the lack of toxicity with human tissue or blood*®. In vivo

tests have shown that these polyesters are biocompatible to osteoblastic, epithelial and neuronal
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cells!®1% PHAs, especially PHB, PHBV (poly(3-hydroxybutyrate-co-3-hydroxyvalerate)),
P4HB, PHO and PHBHXx are present in biomedical sciences especially in tissue engineering.
They are widely used as bone plates, osteosynthetic materials, surgical sutures, controlled drug
release systems, bone platin, cardiovascular patches, vein valves, nerve guides, tendon repair
devices, wound dressings and in many others fields3%. The first FDA approved PHA for
clinical application is the TephaFLEX®, which is absorbable suture prepared from PAHB%, In
recent years a novel nanobiotechnological approach has been also undertaken. It employs
proteins intrinsically binding the PHA granules as tags to immobilize recombinant proteins of
interest and design functional nanocarriers for wide range of applications!®®. Modifications of
PHA chemical composition allows to control the biodegradation rates 1 and extends PHA
potential to to be used in controlled release drug delivery systems’’. The chiral aromatic and
aliphatic monomers that PHA is composed of present a distinct potential as drug synthons?°.
Due to the asymmetric carbon in the beta position (Fig. 22), PHAs are optically active polymers
containing only the (R)-enantiomer®. The (R)-3-hydroxyalkanoic acids provide chiral
compounds for pharmaceutical products like vitamins, pheromones and antibiotics synthesis**?.
(R)-3-hydroxybutyrate has been already used in the synthesis of the antibiotic thienamycin and
captopril, a drug used to treat high blood pressure!'?. PHA’s biocompatibility with mammalian
systems, including the human body*'®, numerous forms of PHA are being studied for use as
drug delivery devices’’.
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5.8.1. Material characteristics

PHO is a biodegradable polymer of bacterial origin’®. It belongs to medium-chain length
polyhydroxyalkanoates (mcl-PHAs) group®®™. It fully degrades under industrial composting
conditions within 60 days, the degradation through anaerobic digestion or home composting

114 The conducted research revealed that the

does not occur so quickly and takes over 6 months
polymer has physical properties similar to polypropylene which indicates a wide field of its
potential applications in the future!. Mcl-PHAs are accumulated intracellularly mainly by

Pseudomonas sp. under unbalanced growth conditions of excess carbon source and one or more

other nutrients in limiting amounts**®,
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Fig. 26 Chemical structure of single PHO monomer.

PHO has been selected as a potential material for biomedical applications due to physical
properties such as Young's modulus or elastomeric nature of the material. In addition, thanks
to its thermoplastic properties, it can be easy shaped and processed.

In table below, selected physicochemical properties of biopolymer were collected®. A
detailed discussion of the physicochemical measurements results can be found in chapter 7.1.1
and a description of particular techniques used to determine the parameters can be found in

chapter 13.

Value 27-31 2.8 17.9 0.35 11.5-30.9

Table 4 Structural, topographical, and mechanical characteristics of polyhydroxyoctanoate polymer?.
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5.8.2. Polyhydroxyoctanoate applications

PHAs, especially PHO, PHB, PHBV and P4HB, are commonly used in tissue engineering.
They are widely used as bone plates, osteosynthetic materials and surgical sutures 3116,
Functionalized PHO polymeric foams can find a direct use in implantology and dermatology.
They can be optimized for the specific needs — incrusted enzymatically with a single drug or a
mixture of several different medicaments in order to suit personalized patient’s needs.
Additionally, to their functionalization, the materials can not only support growth of the tissues

by providing matrix but also by nourishing the growing cells with (R)-3-hydroxyacids.
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properties as a cell physiolog%f -

r

Mechanical and chemical properties of the environment influence the structure and
morphology of living cells. The ability of an eukaryotic cell to resist deformation during
motility, to change shape and to maintain intracellular transport comes from the presence of the
cytoskeleton of an interconnected network of filamentous polymers and regulatory proteins
located in the cell body®2°41Y", Cells, cultured on substrates with different elasticity, undergo a
number of intricate mechanical interactions mediated by focal adhesions and other adhesive
structures®>>4, It is known that certain migrating cells (i.e. Fibroblasts) respond to substrate
rigidity by orienting movement towards substrates with higher Young modulus value'*8. Actin
and tubulin are the key cytoskeletal components that underpin main cellular processes. Highly
versatile, dynamic polymers capable of arranging cytoplasmic organelles and intracellular
compartments are being formed, establishing cell polarity and generating pushing and

119 Cellular structures and functions

contractile forces resulting in cell movement and migration
plainly depend on its microenvironment what can lead to a distinctive association between
cellular properties and the adjoining surroundings'?°. Sensing of the environment is possible
due to the interactions of extracellular matrix (ECM)-associated protein networks with
transmembrane proteins that can affect the cytoskeleton allowing transfer and transformation
of mechanical stimuli. The cells also are able to sense and respond to the substrate chemical

properties like substratum coating!é.
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A cell’s shape, internal organization, and functional polarity are provided by a three-
dimensional filamentous protein network that consists of three distinct, yet interconnected,
filament systems: intermediate filaments (IF), actin- containing microfilaments (MF) and
microtubules (MT), called the cytoskeleton'?%?2, Basic properties of every filament type
present in the cell are summarized in Table 5 The cytoskeleton carries out three broad functions:
it spatially organizes the contents of the cell; it connects the cell physically and biochemically
to the external environment; and it generates coordinated forces that enable the cell to move
and change shape!!’. The basic properties of individual elements of the cytoskeleton are
summarized in Table 5. The normal functioning of a cell requires constant interaction with its
environment. Signals from neighboring cells or the extracellular matrix are continuously
perceived by membrane bound receptors. There are also assumptions regarding that the
cytoskeleton might act as an interconnected network of filamentous macromolecules, which
extends over the entire cytoplasm*?3, This means that the role of the cytoskeleton is not limited
only to the cell-shaped skeleton that is responsible for its contraction and migration, but also
that filaments can serve as information and metabolite routes. Cytoskeleton is involved in many
cellular processes like endocytosis, cytokinesis. It plays an important role in such life necessary

processes like cell division or intracellular transport!?2124.125,

Microtubule (MT) w 23-25nm | a- and B-tubulin

fibrous proteins:

Intermediate filament (IF) ALY 10nm : \C/:gi?r:éne

= glial fibrillary acidic protein

Actin filament (MF) W. 6nm actin

Table 5 Cytoskeletal structures present in a cell.

Actin and tubulin form highly versatile, dynamic polymers that are capable of organizing

cytoplasmic organelles and intracellular compartments, defining cell polarity and generating
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both pushing and contractile forces*'®. Intermediate filaments (IF) form a class of insoluble
cytoplasmic filaments of dimensions intermediate in size between microtubules and
microfilaments. They can be found in virtually all differentiated types of cells and it seems
possible that IF-like proteins also are present in even the simplest eukaryote cell types'?®.
Intermediate filaments are dynamic, motile cytoskeletal elements. Many types of IF are now
known to engage in a specific array of movements that can be closely associated with their
assembly, disassembly and subcellular organization?!. Spatial distribution of individual

cytoskeletal structures in the cell are shown in Fig. 27.

25um
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Fig. 27 Cell cytoskeletal structures
(A-microtubules, B-intermediate filaments, C- actin filaments), along with their distribution in the cell*?,

5.10.1. Microtubules

Microtubules are a filamentous assembly of protein subunits, a- and p-tubulin. They are
hollow cylinders with external diameter of 25nm. Along with actin and intermediate filaments,
they form the eukaryotic cytoskeleton and participate in defining cell morphology*?"1?8,
Unpolymerized tubulin exists as a tight af-tubulin heterodimer with binding sites for two GTP
molecules, one exchangeable and the other not. A microtubule is a tube constructed from
parallel linear polymers called protofilaments in which the heterodimers are assembled head-
to-tail in a polar fashion. This polarity is related with the distinction between the plus and minus
side of protofilaments!?212¢, Monomers in adjacent protofilaments are slightly shifted so that
they form a set of shallow helices. Microtubules can vary in numbers of longitudinal
protofilaments (Fig. 28). When the number of protofilaments is 13, they run straight, allowing
microtubule-associated motor proteins, such as dynein and kinesin to run for long distances
along microtubules without switching lanes?®,**°. If the number of protofilaments deviates
from 13, the microtubular lattice must rotate slightly, so that the protofilaments wind slowly

around the microtubule axis!?’.
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Fig. 28 Microtubules with varying numbers of longitudinal protofilaments.
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5.10.2. Intermediate filaments

Intermediate filaments are a type of cytoplasmic filaments of dimensions intermediate in
size between microtubules (about 25 nm) and microfilaments (about 7 nm). They can be found

126 At least 30 keratins are described and known. Vimentin is the

in virtually all types of cells
most widely expressed, produced by mesenchymal cell types and by a variety of transformed
cell lines and tumors, representative of protein type IFst3. Unlike other cytoskeletal elements,
intermediate filaments distribution in cells show no direct correlation with the position of either
mitochondria or endoplasmic reticulum®2, IF’s present ability to withstand large deformations,
they can be stretched several times their initial length!33. About 70 different genes are coding
for various intermediate filament proteins. On this basis IFs can be categorized into six types
among which similarities in amino acid sequence and protein structure are fundamental for the
distinction'?®. There are several diseases directly linked with mutations in IF genes.
Intermediate filaments primary component are monomers that associate with each other and
form dimeric structures. Pairs of dimers create tetrameric forms through association in an anti-
parallel fashion. Connection in lateral axis between eight tetramers give origin to filaments,

which by annealing to each other, end-to-end, to form intermediate filaments'3*(Fig. 29).

Monomer N M €

Dimer

Tetramer

Unit length filament
(ULF)

Intermediate filament

Fig. 29 Intermediate filaments assembly process®*>.
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5.10.3. Actin filaments

Actin is a family of globular proteins that arrange in form of microfilaments. Actin network
can be found in essentially all eukaryotic cells. Actin cytoskeleton is directly associated with
changes in cell shape, anchorage and motility**®, Dynamic formation of microfilaments allows
it to rapidly remodel itself in response to its environmental changes. Actin takes also part in
processes such as the intracellular transport of vesicles and organelles or muscular contraction
at tissue level. First actin observations were conducted in 1887 by W.D. Halliburton, who
extracted a protein from muscle he called "myosin-ferment"*®’. Actin can be found throughout
the cytoplasm in eukaryotic cells, , in muscle fibers its inherence by weight of total cellular
proteins is about 20% and between 1% and 5% in other cells!3®. Cellular actin occurs in two
forms as monomeric globules namely G-actin and polymeric form called F-actin also described
as microfilaments. The actin cytoskeleton consists of pair of parallel F-actin streaks which
rotate 166° to form a double helix structure called actin fiber. Microfilaments are approximately

7 nm in diameter the helix is repeating every 37 nm?%,

Fig. 30 F-actin; surface representation (Ken Holmes' actin filament model )°.
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Cell movement or motility is a highly dynamic phenomenon that is essential to a variety
of Dbiological processes. It is the basis for many physiological phenomena like the
development of a living organism (morphogenesis), wound healing or immunological
mechanisms, but its deregulation can trigger many pathological processes like cancer
metastasis, chronic inflammation or neurological diseases. Cell migration is an integral part
of the cell biology, embryology, immunology, and neuroscience!*!. A targeted movement of
dividing cells can give rise to new tissues and organs**?. There is an increasing evidence to
suggest that physical parameters, including substrate rigidity, topography, and cell geometry,
can play an important role in cell physiology and migration'*3. Understanding cell migration
which is an integrated process requires an appreciation of chemical and physical properties

of multicomponent system of different intracellular structures#*.

I

actin network

\ substrate

depolymerized actin movement

adhesion points

/ cortex under tension

new actin

new adhesion point

Fig. 31 The cell migration mechanism with division into individual
phases!#.

A — Protrusion of leading edge,

B — Adhesion at the leading edge,

C — Deadhesion at the trailing edge,

D — Movement of the cell body
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6.1.1. Polyhydroxyoctanoate

6.1.1.1. PHO production

Bacterial strain of Pseudomonas putida KT2440 was used to produce PHO in a 5L fermenter.
Bacteria was revitalized from a -80°C stock by suspending it in a fresh solid minimal salt
medium (MSM)® supplemented with octanoic acid sodium salt (20 mM). Bacterial growth
continued overnight at 30°C. A single colony was transferred into liqguid MSM supplemented
with sodium octanoate (20 mM). Culture was left to grow for 12-15 hours and then used as a
seed for a fermentation (1:25). Decaying exponential feeding strategy of octanoic acid
developed by Maclean et. al** was adapted to our fermentation system (Fig. 32) (5| quad,
Control Flow, Poland) in order to produce PHO polymer. Following, the fermentation biomass
was separated from the medium by centrifugation, frozen and lyophilized. Isolation of PHO
with ethyl acetate and its purification over an activated charcoal was performed as described by
Wampfler *°. When bacterial biopolymers are isolated for medical applications, contaminating

pyrogenic compounds must be removed48,

61




Fig. 32 A three-dimensional diagram showing the detailed construction of the reactor for conducting
fermentation under controlled conditions to obtain a polymer.

1 - Electric motors providing agitator drive, maximum RPM 2000, generated torque 10 Nm,

2 - Reactor covers equipped with sterile ports for modification of the reaction mixture from the outside,

3 -5-liter reactors made of acid-proof steel,

4 - Mounting table - enables the attachment of the tank under the agitator, and thanks to the manual lifting and
lowering mechanism (4A) allows the coupling of the agitator clutch to the motor drive shaft.

5 - Control cabinet controls a mixing module, valves and thermostats. The fermentation automatically adjusted
basing on selected process formula.

6 - Computer allows data collection and sending the files via network to other computers.

(Copyright Control Flow Sp. z 0.0.)
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6.1.1.2. Sample preparation

In the case of substrates made of biopolymer, the raw material was dissolved in three
different solvents. Due to the fact that the efficiency and the polymerization process is similar
for these three substances®!*?, the determination of their impact on both physical and biological
parameters of the substrate could be conducted. Amount of 10ml of the solvent was used to
dissolve 0.5g of the polyhydroxyoctanoate raw biopolymer. 18 - 21 ul of solution was poured

on the glass bottomed dish to receive a flat substrate surface of 80 - 100um height.

6.1.2. Polyacrylamide (PAM)
6.1.2.1. Sample preparation

Polyacrylamide substrates of various elasticities (40kPa, 19kPa, 8kPa) were prepared to
study the morphology of MEF cells, deposed on these substrates. The main advantage of this
material is that it is easy to precisely control the stiffness of the substrate by only changing the
chemical composition of the mixture!®. In addition, it allows for reproducible preparation of
substrates with desired properties®®. Preparation of polymeric film includes a number of
important steps. The first step is the glass activation on which the polymer substrate was poured.
For every glass bottomed dish, 0.8ml of silane (3-aminopropyltrimethoxysilane) (Sigma
Aldrich) was used. After 10 minutes, the silane solution was removed and replaced with
glutaraldehyde (Sigma Aldrich). After 30 minutes, the dishes were emptied and then rinsed
three times with distilled water. A mixture of polymers of a given elasticity was prepared. 0.5ml
of a solution containing bis acrylamide (BIS), acryl (ACRYL) and 10mM HEPES were
prepared in a suitable quantitative ratio corresponding to the desired substrate elasticity (Table
6). Then, 0.1g of ammonium persulfate (APS) was added to 1 ml of distilled water and then
thoroughly mixed. 50ul of APS solution was added to the previously prepared polyacrylamide
gel mixture and 5uL of TEMED (Sigma Aldrich) to initiate the polymerization process.
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Expected Young Modulus [kPa] | BIS [pl] | ACRYL [pl] | HEPES [pI]

8 37,5 37,5 425
19 66 100 334
40 105 100 280

Table 6. Composition of substrate components with expected Young Modulus 56:14°,

The next step of substrate preparation was to pour of 20 - 23ul of polymer gel onto a prepared
glass bottomed dish. Polyacrylamide drop was enclosed with 18mm diameter cover slide to
maintain a smooth and homogeneous surface®®. After one-hour polymerization the substrate
was submerged in phosphate buffer solution (PBS) containing of 8g of NaCl, 0,2g KCI, 1,449
Na;HPO4 and 0,249 KH2PO4 dissolved in 800ml of distilled water, and the cover slide was
carefully removed. To maintain the desired stiffness of the polymer and remove all toxic
unbound residues of acryl and bisacrylamide, the polymerized mixture was rinsed one more
time with PBS solution. Before being suitable for cell culturing the surface of the polymer
substrate has to be activated®. To perform this task a solution of sulfo-SANPAH combined
with UV light (A ~365nm) was applied to the material*®®, The last stage was coating the gel
with 300 pl of FBS or fibronectin (Thermofisher) solution to functionalize it with the proteins
necessary to form the extracellular matrix®®15!, The process of activating the polyacrylamide

substrate for cell culture needs is shown in Fig. 33.

UV light 2~365nm

<& ~,
%, s

\\’ extracellular matrix (ECM) proteins

\ ‘@a’

@?"f sulfo-SANPAH
2

polyacrylamide (PAM) gel

Fig. 33 Activation process of polyacrylamide cell substrates on round glass bottomed dish®’.
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6.1.3. Polylactic acid (PLA)

Polylactic acid (PLA) was used in this study as a material from the biopolyesters group
which biological”*>®® and physical?®®>1%2 properties are already widely described in the
literature. The experimental results for PLA were compared with those obtained for PHO and
PAM. Due to the well-defined and developed applications of PLA in different industrial
branches®?®® and medicine!®1"61153 3 direct comparison of its properties with PHO will allow

to determine potential application areas for medium chain length polyhydroxyalkanoate.

6.1.3.1. Sample preparation

The raw material (PLA — commercial grade) was dissolved in three different solvents (ethyl
acetate, chloroform and acetone). Amount of 10ml of the solvent was used to dissolve 0.5g of
the raw polymer. Solutions were casted on round bottomed dishes. 18 - 21ul of solution was
poured on the glass to receive a flat polymer surface of 80 - 100um height. This value covers
the range at which the influence of the glass hardness of the substrate on cells is minimized!#,
on the other hand it enables the observation of cells using a 40x magnification lens - in this case

the "working distance™ parameter is a limitation of maximal substrate height.
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6.2.1. Mouse embryonic fibroblasts (MEFs)

For the experimental studies mouse embryonic fibroblast cell line (MEF 3T3) was used. This
cell type was selected because fibroblasts are primary tissue component and are involved in
wound healing processes!®%*, This cell type is crucial in processes such as wound contraction,
breaking down the fibrin clot, creating new extra cellular matrix and structures to support other
cells taking part in wound healing™®®. Fibroblast can be found in healing wound from the late

inflammatory stage until the full epithelization'®.

Cells were grown in plastic culture dishes under sterile conditions in an incubator (Thermo
Scientific 8000 Series WJ) maintaining constant environment (37°C, 5% CO.). The medium
used was DMEM (Dulbecco's Modified Eagle Medium) supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotics (penicillin and streptomycin) (Sigma Aldrich®). The cell
culture was split using a standard passage procedure when the confluence reached
approximately 80%. Cells used in the study were after third, but not beyond ninth passage®®’.
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6.3.1. Fluorescence microscopy

6.3.1.1. Introduction

Fluorescence microscopy mainly bases on observing light originating from the visible range,
although advanced detection systems such as charge coupled device (CCD) cameras are
available to detect fluorescent light in the ultraviolet (UV) and infrared (IR) range. A
fluorescent molecule is called fluorochrome and its properties are based on a phenomenon of
absorbing a photon of light of a particular wavelength (Fig. 34-\1) and, after an interval,
emitting part of that energy in the form of a photon of a different, longer wavelength
(Fig. 34-L2). The time gap between absorption and emission is called the fluorescence lifetime
and also can carry a portion of information about the investigated system (Fluorescence-lifetime
imaging microscopy - FLIM). Energy absorption by the fluorochrome is the result of
interactions between the oscillating electric field vector of the light wave and the electrons in

the fluorochrome. For a certain electron a specified amount of energy is required to allow the
transition process to occur. Because photon energy is related with wavelength (E = h%), each
fluorochrome is capable of generating fluorescence only while excited with light certain
wavelength. This makes the fluorescence process highly specific’®®. The absorption and
emission of photons by a fluorochrome can be illustrated using a Jablonski energy diagram
(Fig. 34), introduced in 1953 by Polish physicist Aleksander Jabtonski.

S

Radiationless relaxation
Si ] Singlet state

Nk
Fluorescence (A2)
*_\’\,«S‘C_

=] X :| Ground state
=0

Excitation (A1)

Fig. 34. Jablonski energy diagram of excitation and fluorescence.
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An additional information characterizing a fluorochrome is its quantum yield (6-1). This
parameter specifies the ratio of the number of emitted to the number of absorbed photons and
is a simple measure of fluorescent efficiency of a particular fluorochrome:

emitted photons k¢
absorbed photons (k¢ + kpy)

Qy(¢) =

6-1

where Qv is the quantum yield, ks is the rate constant for fluorescence decay, and Ky is the sum
of rate constants for nonradiative effects (e.g., internal conversion and quenching).
A perfect emitter would have the quantum yield of value 1.0 which means that every photon of
longer wavelength absorbed causes emission of a single photon with a shorter A. In most
situations, nonradiative phenomena such as heating or photobleaching reduce the energy,
leading to quantum yields below ideal value. Another important, fluorochrome parameter is the
molar extinction coefficient (g). It expresses the quantity of light absorbed as a function of the

path length and the concentration of the fluorochrome:
_A
£T
6-2

where ¢ is molar extinction coefficient, A is absorbance, ¢ is the molar concentration of
absorbing molecules and | stands for the optic path length. It is usually established at a path

length of 1 cm and at a one molar concentration.

Fluorophore Solution | Quantum Yield (QY)
Alexa Fluor 488 Water 0.92
Alexa Fluor 568 Water 0.69
Cy5 PBS 0.90
Flurescein isothiocyanate (FITC) Water 0.94
Fluorescein Water 0.79
Rhodamine B Water 0.31
Tetramethyl rhodamine Water 0.20
Texas Red Water 0.90
Tryptophan Water 0.14

Table 7. Quantum yields for several commonly used fluorophores*°.
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6.3.1.2. Factors limiting fluorescent emission

Fluorochromes with the highest possible quantum yield should be used for fluorescent or
confocal microscopy. The probability of emission strongly depends on the closest surroundings
of the fluorochrome. Every contact between fluorescent molecule and any neighboring particle
able to accept transferred energy can lower the fluorescence efficiency, so the fluorescence
event does not occur in the system. The loss of energy caused by transfer to surrounding
particles is known as vibrational relaxation. It often occurs in fluids or gasses because in these
conditions, the probability of solvent molecules-fluorochrome collision is relatively high. These
interactions do not change the shape of the emission spectrum, only the intensity is reduced,
which can be observed by decrease of the spectrum amplitude. Another way for the energy to
escape from the system are photobleaching or phosphorescence. These phenomena are

examples of nonfluorescent radiation, and they occur when a molecule enters a triplet state.

S>

Triplet state S 1:.0—:] Singlet state

z _~_"Phosphorescence
- J
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————o— | Ground state

e

Excitation (A1)

Fig. 35. Energy diagram for phosphorescence process.
In this process the energy absorbed by a substance is released relatively slowly in the form of light. This
mechanism is used for "glow-in-the-dark" materials which are "charged" by light exposure.

Photobleaching is a critical concept in fluorescence microscopy. Despite its negative activity
in some processes, it can be useful in other techniques in which the loss of fluorescence is a
desired phenomenon. Fluorescence loss in photobleaching (FLIP) and the related
methodology of recovery after photobleaching (FRAP) are techniques for observing the
movement of intracellular materials through photobleaching of fluorescence*®1,

6.3.1.3. Multiphoton excitation

Multi-photon excitation (MPE) microscopy plays a important role among microscopic
methods used for biological matter studies®®. It was first mentioned in a work written by
Maria Goppert Mayer almost 80 years ago'®2. In most common cases, a fluorescence event

involves absorption of a single photon of relatively high energy and results in the emission of
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a single photon of distinctly lower energy. The “single” nature of the event results from the
fact that absorption must occur rapidly and fast. If the photons concentration is high enough,
the probability of two or more photons transferring their energy simultaneously, or almost
simultaneously, to a fluorochrome increases. Such an event is known as multiphoton

excitation®®®.

Radiationless relaxation

S1 Singlet state
e

Fluorescence (A2)

—
=

s

Excitation (A1)

/ -\,,//%

Ground state

Fig. 36. Energy diagram for multi photon excitation and fluorescence.

The energy transfer from multiple photons is additive, it results in the transfer of enough
amount of energy for a fluorochrome molecule to raise from the resting So state to the excited
S: state (Fig. 36). Multiphoton excitation of fluorescent molecule is a nonlinear process. In a
multiphoton event the emitted photon energy is higher than the energy of excitation photons
although it is lower than the sum of the excitation photons energies. If a fluorophore is
normally excited by light with a wavelength of 315nm, it can also be excited by absorbing
two photons that are around 630nm each®®816!, Additionally, the probability of two or more
photon excitation decreases rapidly away from the focal point of a light beam, because the
photon concentration reaches it maximum in this spot (large numbers of photons packed into
a small space). Therefore, in a multiphoton microscopy, the excited sample volume is limited
to the area where the laser beam is focused. Fluorochrome molecules located away from the
focal point remain in their ground state and the excitation does not occur. The spatial
restriction of the excitation and the fact that longer wavelengths can be used to induce
fluorescence are major advantages of this technique in fluorescence imaging of living

materia|158,161,163
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6.3.1.4. Optical basics of fluorescence microscopy

In standard transmitted light microscopy, a beam of light is focused onto the specimen by a
condenser located below the sample in upright microscopes (Fig. 37A) or over the microscope

stage in an inverted device (Fig. 37B).

A B

Epi illumination L ' o
' ! ” Trans illumination

Epi illumination

Condenser

Stage

Stage

Condenser

Trans illumination

Fig. 37. Trans and epi illumination in an upright (A) and inverted microscope (B).

When using trans illumination, the specimen image is created as a result of the light rays
passing through the sample and then being collected by the objective lens and transferred
directly to the imaging device. This design can be technically used in fluorescence techniques
but there are significant difficulties in separating the excitation light ray from the one emitted
by the sample. In fluorescence microscopy only, the emitted light should be captured and
imaged, all other wavelength signals are undesirable and can degrade the final image quality.
It is much easier to maintain the separation between emitted and excitation light when the
they are traveling in the opposite directions (Fig. 38B). For this reason, most fluorescence
microscopes are designed to use epi illumination to light up the sample. In this construction,
the excitation light is focused onto the specimen by the objective lens rather than by a
condenser as it is implemented in trans illumination microscope design. Like in trans
illumination setup the objective lens is also collecting and focusing the light emitted by the

sample.
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Excitation filter }/
Sample

Condenser lens

Dichromatic beam splitter

Objective lens

/Light source
\~ Sample

Fig. 38. Optical path in epi illumination (A) and trans illumination (B) microscope designs.

NI F

Mirror

The presented optical system is based on an upright microscope, but both configurations are successfully used in

inverted systems.

When the specimen is illuminated with light with appropriate wavelength in the imaging path
two components are present. One of them is part of the excitation light beam reflected from the
sample or the glass and a light beam of higher wavelength emitted by the fluorophores inherent
in the fluorescent specimen. To obtain an eligible image, only the beam originating from the
fluorescence process is important, the remaining light part is minimized with use of specially
designed emission filters. Such epifluorescence strategy can be used in both widefield and

confocal fluorescence microscopy*®®.

6.3.1.5. Objective lens

All components located on the optical path are important to obtain a high-quality
microscopic image. The objective lens may be the most important element because the image
parameters such as resolution, final magnification, field of view depend on the performance
and quality of the objective. If a poor quality or improper objective lens is used for imaging,
the final microscopic picture can present parameters below expectations and some of the desired
information can be lost. During every microscope employing experiment it is important to
understand the optical characteristics of available objectives and how each of these parameters
may  affect the collection and interpretation of the  final image.
All information concerning the objective parameters and information about the type of imaging
for which it is optimized and designed is permanently applied on the objective barrel.
Information concerning type of lens, magnification, numerical aperture (NA), focal length,

immersion application, and the cover glass thickness correction are the key factors provided by
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every objective lens manufacturer and crucial for designing and planning a successful
experiment.

Mounting thread

Flat field/Aberration correction - Plan
Lens application - Fluorescence

Lens correction (o)

Cover glass thickness - adjustable (0.11-0.23 mm) Magnification (40%)

Working distance - adjustable (0.31-0.40mm) UPlanFLN Numeri'cal ape(r‘tAure ((231()))
) n Immersion medium (O
.
ot coding of maemicat i 40w/1.30 OIL
Colorcoding of magnification 14 17 20 % ©f0.17/FN26.5 Lens correction (o)
:§ Cover glass thickness (0.17 mm)

Correctionring § s Field Number (26)

N / Immersion indicator (Oil)
__________ — 3

Working distance v

[ Color coding of maginifcations

100-150

| Color coding of immersion fluids
Oil Water Glycerin | Oil/'Water/Glycerin

Fig. 39. Exemplary markings on two types of objective lenses,
A —dry and B — oil immersive objective.
A scheme of color coding for magnifications and immersion fluids, used by leading manufacturers, is also
presented (Thorlabs Inc.).

Plan objectives are flat-field objectives corrected to eliminate curvature of th