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SUMMARY

Proposed work is aimed at the study on productiah @egradation of
polymeric materials using microorganisms. In thedoiction way, the main
attention is given to polyesters of bacterial arigi polyhydroxyalkanoates.
These materials are accumulated by a wide varfeiyacterial strains which use
polyhydroxyalkanoates as a storage of carbon, gnargl reducing power.
Thanks to their mechanical properties, which analar to those of traditional
synthetic plastics such as polyethelene or polydeme, and thanks to their
biodegradability, polyhydroxyalkanoates are congdeto be environmental-
friendly alternative to traditional plastics of pmthemical origin. Thus,
polyhydroxyalkanoates have many potential appbcetiin industry, agriculture
as well as in medicine.

Important part of this work is focused on prodocti of
polyhydroxyalkanoates from waste substrates confiogn food industry.
Among tested substrates were waste cheese whewyastd plant edible oils of
different origin. Utilization of cheap waste sulaséis for polyhydroxyalkanoates
production could facilitate economically feasibleogess of large scale
production of polyhydroxyalkanoates. According ke tresults, waste oils are
very  promising substrates for  biotechnological citbn  of
polyhydroxyalkanoates.

Next part of the thesis deals with involvementpofyhydroxyalkanoates
into stress response of bacteria. It was obserthed, exposition of bacterial
culture to controlled dose of ethanol or hydrogearogide resulted in
significantly enhanced yields (about 30 %). Aftéress factors application,
particular metabolic pathways involved in stresspomse were activated in
order to endure stress conditions. Subsequentijp f8SAD(P)H/NAD(P)
increased and, thus, Krebs cycle was partially bimdd whereas
polyhydroxyalkanoates synthetic pathway was atgtvaMoreover, application
of stress factors increased molecular weights dfrpers. Therefore, strategy
based on application of controlled dose of stresdofs not only enhanced
polymer yields, but, moreover, improved properbématerials.

The last part of thesis is focused on biodegradagxperiments. The
investigation of biodegradation of polyurethanestmeric films modified by
various biopolymers in presence of mixed thermdighdulture as a model of
natural bacterial consortium is discussed. The gmas of materials in
cultivation medium resulted in delayed but inteesgrowth of bacterial culture.
The unusually long lag-phase was caused by relehsm-reacted polyether
polyol and tin catalyst from materials. The maintpaf material degradation
was caused by abiotic degradation of elastometiosfi nevertheless, also
bacterial culture slightly contributed to matewigcomposition. The measure of
biotic degradation strongly depended on the typeisd#d modification agent.
The highest tendency to undergo biotic degradatwas observed for
elastomeric film modified by acetylated cellulose.



1. CURRENT KNOWLEDGE OF THE STUDIED
PROBLEMATIC

1.1. Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHA) are polyesters of raturorigin
accumulated in the form of intracellular granulgsabwide variety of bacterial
strains. The first example of PHA to be discovesad poly(3-hydroxybutyrate)
(PHB). In 1926, Lemoigne isolated and characterREidB from bacterial strain
Bacillus megateriumSince that, PHA accumulation ability has beeroresul
for many microorganisms including Gram-negative &rdm-positive species
(i.e. autotrophic, heterotrophic and phototrophicrorganisms, aerobes and
anaerobes) as well as for some archae strains.oMganisms usually
synthesize and accumulate PHA as carbon, energyeshating power storage
material under conditions of the nutrients limibati (such as nitrogen,
phosphorus or iron limitation) and in presencexafess of carbon source. Under
the conditions of carbon source starvation, PHA degraded by intracellular
depolymerases and subsequently metabolized asbancand energy sources

[1].

Homopolymer PHB, the best characterized member ide viamily of
polyhydroxyalkanoates, is not only present in micganisms as storage
material but is also very ubiquitous in nature iffedent roles. A fascinating
development in recent years has been the discoie¢he very wide distribution
of PHB as a low molecular weight oligomer (120-20@nomers units) in
microorganisms, plants and animal, including humémsnany cases this form
of PHB is found as a PHB—-calcium polyphosphate derxamm membranes that
seems to function as an ion channel through cethionanes. InEscherichia
coli, the complex has been found to occur in large antisonm the membrane of
cells made competent for genetic transformatiofs [1

1.1.1.Biosynthesis of polyhydroxyalkanoates

The biochemistry of SCL-PHA biosynthesis is weludsed [1, 2].
Bacterial strairCupriavidus necatoH16 (formerly known aslydrogenomonas
eutropha, Alcaligenes eutrophuRalstonia eutropha and Wautersia eutropha)
Is often in use as a model organism for SCL-PHAafelism. In C. necator,
PHB is synthesized in a three-step reaction startuith acetyl-CoA when
cultivated on carbohydrates, pyruvate, or acefat®. acetyl-CoA molecules are
coupled to form acetoacetyl-CoA in a condensateaction catalyzed bys-
ketothiolase. The product is subsequently stereosetly reduced toR-3-
hydroxybutyryl-CoA in a reaction catalyzed by NADRIdpendent acetoacetyl-



CoA reductase. Finally, PHB is synthesized by pagmation of R-3-
hydroxybutyryl-CoA molecules by the SCL-PHA synt@43].

A few exceptions to this general pathway are knowmch as
Rhodospirillum rubrum where S3-hydroxybutyryl-CoA is generated and
converted to R-3-hydroxybutyryl-CoA by two stereospecific enoyb&
hydratases [1].

A copolymer of 3-hydroxybutyrate and 3-hydroxyvakercan be synthesized
by C. necatorand many other microorganisms from either a mixdussate of
glucose and propionic acid or a direct precursor3dfydroxyvalerate (e.g.,
valeric acid). If propionate is fed, essentiallg ttame biochemical pathway as
for PHB synthesis is used, but propionyl-CoA anet@eCoA are condensed by
the [3-ketothiolase to give 3-ketovaleryl-CoA, which lsaith the incorporation
of 3-hydroxyvalerate monomers into the polymer.ak&ic acids of odd number
carbon chain length can also serve as carbon soumcéhis case, the 3-
hydroxyvalerate in the polymer arises directly frone Soxidation of these
fatty acids [1, 4].

1.1.2.Involvement of polyhydroxyalkanoates in stress respnse of
bacteria

Although it is generally assumed that the ability PHA synthesis
improves bacterial stress resistance, the reasadsnaechanisms of PHA
involvement in stress response have not been fublerstood yet. Ayub et al.
studied cold resistance of Antarctic bacteritseudomonasp. 14-3 [5]. Its
stress tolerance was analyzed in PHA accumulatimgy @on-accumulating
conditions and significantly higher levels of sga®sistance were observed
when PHA were produced. In the recent study, thmesauthors tested PHA
synthase negative mutants B$§edomonasp. 14-3 in order to investigate the
mechanism of involvement of PHA in stress resistalt. Mutant strain was
unable of growing at 10° C and was more susceptibléreezing than its
parental strain. PHA were necessary for the devedop of the oxidative stress
response induced by cold treatment. The NADH/NABtio and NADPH
content decreased strongly in the mutant while amiywor changes were
observed in parental strain. Authors proposed Bi#A metabolism modulated
the availability of reducing equivalents, contribbgt to alleviate the oxidative
stress produced by low temperature.

The connections between PHA and stress endurameedemonstrated in
many other cases. Mutant strainAgdromonas hydrophildAK4 unable of PHA
production and wild type were tested under stresslitions. It was found that
ability of PHA synthesis improved resistance agdaiesvironmental stress
factors such as heat and cold treatment, hydrogeoxple, UV irradiation,
ethanol and high osmotic pressure [7]. In otherdist) wild type of



Azospirillum brasilens&p7 was compared with PHA synthase minus and PHA
depolymerise minus mutant strains that were unatiesynthesis and
degradation of PHA, respectively. The ability ofethvild type to endure
starvation conditions, ultraviolet irradiation, heand osmotic shock and to
grow in the presence of hydrogen peroxide was awagher than that of the
mutants [8]. Breedveld et al. reported tR&tizobium leguminosarumA-1 and
Rhizobium melilotiSU-47 cell cultures responded to osmotic streg®®ioN
by augmenting the cellular trehalose content ofciilés. Its synthesis paralleled
the breakdown of the reserve materials glycogenR4ha [9].

According to studies mentioned above, it could kb®ppsed that
exposition of culture to stress conditions leadh® mobilization of PHA and
resulting energy and carbon material is subsequersttd for stress survival.
Nevertheless, the explanation is not so simpleals also increases in PHA
accumulation were observed in bacterial culturg®s&d to stress conditions. In
non-endophyte strailzospirillum brasilenseSp7 heavy metals induced an
enhanced accumulation of PHB. In contrast, the aesp of the endophytic
strain Azospirillum brasilenseSp245 to heavy metal uptake was found to be
much less pronounced [10]. Natarajan et al. regdtat NaCl stress resulted in
the accumulation of PHB irRhizobium DDSS-69 cultures grown under
unbalanced growth conditions [11].

Interesting contribution was given by Wang et aR][who tested stress
durability of recombinant strains &. coli. The first of tested strains harbored
only PHA synthetic genes whereas the second rec@nbstrain harbored PHA
synthetic genes and intracellular PHA depolymeraseavell. It was observed
that both recombinant strains were more resistgatinat heat shock, UV
radiation, acid and osmotic pressure than wild tgp&. coli unable of PHA
synthesis. However, recombinant strain which wds absynthesize as well as
degradate PHA was slightly more resistant thanirstianable of PHA
degradation. Thus, only the presence of PHA in gigm enhanced stress
resistance to stress factors and ability of PHAra&gtion even improved this
effect. Nevertheless, mechanisms have not beerrsindd yet.

Actually, more is known about PHA involvement iresis resistance of
PseudomonasRuiz et al. studied stress resistance in carltarvesd cells of
Pseudomonas oleovorand3]. It was observed that PHA degradation is
accompanied by an increase of ATP and guanoseptadsphate (ppGpp) levels
in cells. ppGpp serves in cells as nutritional rl@ame, which significantly
enhances expression igfoS gene and, therefore, plays important role in stres
resistance regulation. In following study the sauaéhors observed, that carbon
starvation resulted in PHA degradation, which wesoanpanied by increased
expression ofpoS gene and enhanced tolerance t®iHand heat shocKi4],
Thus, PHA seem to be involved in stress responsgeruconditions of carbon
starvation through RpoS, which consequently enlthrsteess tolerance of
culture. However, RpoS and PHA seem to be evenelgiosonnected. In



comparison ofrpoS negative mutant and wild type éfsudomonas putida
mutant strain showed a higher PHA degradation Etese results suggested,
that RpoS might control the genes involved in PHAtabolism [15]. Similar
results were obtained by Schuster et al. who lodkedjenes under control of
RpoS in Pseudomonas aeruginas®ne of such genes was gepbaC2
encoding for PHA synthase [16].

1.2.Biodegradation of polymeric materials

Microorganisms are involved in the deterioratiowl @egradation of both
synthetic and natural polymers. Up to now, little known about the
biodegradation of synthetic polymeric materials. i$t due to the recent
development and manufacture of this class of nasedand the relatively slow
rate of degradation in natural environments. Siebemically synthesized
polymeric materials have become an important plduo human society and
have more diversified applications than traditiomadtals, issues related to
polymer deterioration and protection will receivereasingly attention in the
time to come. Polymeric materials are very uniguechemical composition,
physical forms, mechanical properties and appboati High versatility of the
carbon to carbon and carbon to non-carbon (C-C, @dRC-H) bonds and
substituent groups, the possible configurationsesichemistry and orientation
provide basis for variations of chemical structueesl stereochemistry. Very
small variations in the chemical structures mayltas large differences in term
of biodegradability [17].

Polymers are potential substrates for heterotroptmicroorganisms
including bacteria and fungi. At least two categsrbf enzymes are actively
involved in biological degradation of polymers: mxellular and intracellular
depolymerases. During degradation, exoenzymes froonoorganisms break
down complex polymers yielding short chains or s$emaimolecules, e.g.,
oligomers, dimers, and monomers, that are smalugmdo pass the semi-
permeable outer bacterial membranes, and then totilieed as carbon and
energy sources. The process is called depolymenzatvhen the end products
of the process are inorganic species, e.g,, €D or CH, the degradation is
called mineralization [18]. A commonly recognizeder is that the closer the
similarity of a polymeric structure to a natural lewule is, the easier it is to be
degraded and mineralized. Polymers such as cedutdstin, pullulan, or PHA
are all biologically synthesized and can be congbjednd rapidly biodegraded
by heterotrophic microorganisms in a wide rangenatural environment. It is
important to point out that mineralization of polgrnt substrate can rarely reach
100 % and the reason is that small portion of thigmer will be incorporated
into microbial biomass, humus and other naturatipets [17, 18].



1.2.1.Biodegradation of polyurethanes

After years of PUR production, manufacturer’'s fouhdm susceptible to
degradation. Originally, most studies on the mi@btegradation of PUR had
been performed with the aim to prevent PUR fromrab@l hazards, and not
much research had been focused on the enzymeodrebnical mechanisms
involved in PUR degradation by microorganisms. Nthadess, with increasing
focus on environmental impact of PUR productiompchemical aspects has
became more important. PUR biodegradation abilias wbserved in fungal,
bacterial and yeasts strains as well [19].

PUR can be divided into two families according he ttype of used
polyol: polyester polyol based PUR and polyethdygdoased PUR. Generally,
it was observed that polyester PUR is relativelsilgdbiodegradedable and, on
the contrary, polyether PUR is relatively resistemenzymatic attack. Labrow
et al. treated both polyester and polyether PUR Witman neutrophil elastase
and porcine pancreatic elastase [20]. The rateolyepter PUR degradation by
porcine pancreatic elastase was 10 times higher itisaactivity against the
polyether PUR. Furthermore, human neutrophill ekesthad no significant
activity against the polyether PUR. Similarly, Jamst al. reported that some
kinds of polyether based PUR were degradedSkgphylococcus epidermis
KH11, but the degradation progressed very slowl¥].[2ZThe integrity of
polyether PUR foam was investigated by Urgun-Deamidt al. using short-term
accelerated laboratory experiments including bidabdity assays, soil burial
experiments, and accelerated bioreactors to daterthe fate of PUR foam in
the soil where anaerobic processes are dominaht TB2 experimental results
have shown that the polyether PUR foam is likely bimdegradable under
anaerobic conditions. The relative resistance dygtber PUR to microbial
degradation is considered to be due to its degmadanechanism, which
involves exo-type depolymerization, whereas thgtafester PUR degradation
involves endo-type depolymerization [23].



2. THE AIMS

The first goal of proposed work was to study bibtemogical production
of selected biomaterials, particularly polyhydrokyenaotes, employing
selected bacterial strains. Further, the secondopéne work deals with process
of biodegradation of polymeric materials, espegipblyurethanes.

In order to reach goals of the thesis, they caulipeled into the following
partial aims:

» Review on current knowledge of problematic — biagdégtion and
biotechnological production of polymeric materials.

» Study on stability and process of biodegradatiosedécted types of
biomaterials and composites, particularly modifigolyurethanes.
Comparison of biodegradability of polyurethane wa®ric films
and polyurethane foams.

» Utilization of various waste substrates for produttof selected
biomaterials, especially polyhydroxyalkanoates.

» Study on involvement of polyhydroxyalkanoates istiess response
of bacteria. Evaluation of potential strategy basadapplication of
controlled stress conditions to improve biotechgalal production
of bioplastics.
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3. MATERIALS AND METHODS

3.1.Bacterial strains

Both Bacillus megateriumCCM 2037 andCupriavidus necatorH16
(CCM 3726) were purchased from Czech CollectioMafroorganisms. Mixed
aerobic thermophillic culture was obtained for gjeadf waste water treatment
in Bysttice pod Hostynem.

3.2.Cultivations in Erlenmeyer flasks

Cultivations were carried out in flasks under pemard shaking (usually
150-200 rpm), temperature was set at 30CCncatorandB. megateriumand
60°C (thermophillic mixed culture). For inoculatiop4 hour inoculums were
used. In experiments focused on PHA production ustiess conditions, stress
factors were applied at particular times of culiimas to get desired
concentration of stress factor in medium. Furthetaids are provided in
particular manuscripts and papers attached tdmd (Chapter 9).

3.3.PHA production in laboratory fermentor

Fermentor vessel (2 |, BioFlo Celligen 115, New rigwick) containing
1.2 | of MS medium with waste rapeseed oil (20)gwas inoculated with 60 ml
of 24 h culture. The culture temperature was s80atC, pH was maintained at
7 by 0.5 M NaOH/HSQ,. The dissolved oxygen (DO) concentration was
monitored with DO electrode and was maintainedhatvalue of 50 % to air
saturation by varying the agitation speed andfofi@v rate automatically.

3.4.Analytical methods

3.4.1.Biomass determination

Concentration of biomass was estimated by measuhagabsorbance of
culture broth at 630 nm on Helios Alpha (Unicam,)UKalculation was done
using the calibration curve (cell dry weight vssatibance) prepared by dilution
of sample of known cell dry weight content. Forl ¢l weight determination,
the cells obtained after centrifugation (8 000 r@M,min.) were dried (105°C)
until constant weight was obtained.
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3.4.2.Analysis of polyhydroxyalkanoates

PHA content was determined by gas chromatographth wnass
spectrometry or flame ionization detection. PHA evémransformed to methyl-
esters of particular hydroxyacids in presence othameol and sulfuric acids.
Resulting methyl- esters were analyzed using gasnwitography with mass
spectrometry or flame ionization detector.

Molecular weight data were obtained by gel-permeathromatography
after extraction of PHA using chloroform and préeipon of PHA using
mixture of methanol and water (7:3).

3.4.3.Activities of enzymes of PHA biosynthetic pathway @alysis

The activities off3-ketothiolase [§-KT) and acetoacetyl-CoA reductase
(AACR) were analyzed based on measurement of alsogbof acetoacetyl-
CoA at Aoz nmand NADPH at A4 nmin crude cell extract. The activity of PHB
synthase was determined using measurement of Huelatnce of released CoA
at As12 nm The activity of glucose-6-phosphate dehydrogersass NAD(P)
dependent alcohol dehydrogenase was analysed bgumep the released
NAD(P)H at As40 nm FOr protein concentration Bradford method wasluse

3.4.4.Analysis of residual nutrients in cultivation medium

Residual sugars were estimated by Somogyi-NelsdhadeThe content
of residual ammonia nitrogen was determined usingssir reagent by
measuring the absorbance of diluted sample at 486 @oncentration of
residual oil in cultivation media was analyzed gmaatrically, propanol
concentration was measured as amount of NADEl(A formed after 5 min
treatment of sample with 30 units of alcohol delog@gnase.

3.5.Biodegradation experiments

A series of batch cultures was set up to screen Bioéegradability. In a
batch assays, plugs of PUR were placed in Erlennfiagk containing medium
for cultivation of mixed thermophillic culture. Fies were kept under 60°C and
constantly shaken (120 rpm). For each of PUR,dxtical samples were used.
Three of them were inoculated by bacterial culamd three flasks were used as
controls. Bacterial growth was monitored during ttest. At the end of
cultivation (about 300 hours) PUR weight lossesenaeasured gravimetrically
and changes of material surfaces were analyzedsuagpically.

12



4. RESULTS AND DISCUSSION

Proposed PhD. thesis is in the form of commentédies, manuscripts
and abstracts. The articles and abstracts haveadglrdoeen published;
manuscripts have been submitted or accepted fdicptibn. All materials are
attached to thesis. In this chapter, detail links garticular articles or
manuscripts are always provided.

4.1.Screening for strategies improving PHA production pocess

Despite many satisfactory properties of polyhydedkgnoates, there are
still several problems preventing them from entggrieveryday life of
consumers. Of course, the main reasons are ecoalpiécause the final price
of polyhydroxyalkanoates is still too high to allateir wider application in
many fields of industry. Therefore, a lot of efftids been made in research on
PHA in last two decades and a lot of concern isedimt improvement of
processes of PHA production and, thus, reductiotheir cost. A number of
studies have been focused on looking for new catesd for industrial
production of PHA, utilization of cheap carbon sms including those of waste
origin and also many works have aimed at optinmratf medium composition
and cultivation conditions to reach maximal PHAIlg#e Moreover, promising
strategies involve genetic engineering of microarg@s and plants to introduce
or improve particular biosynthetic pathways [24].

In order to contribute to development of econonycétasible process,
we also tried testing and comparing few strategiél potential to decrease
PHA price and improve the process of PHA product©ar first experiments
were carried out witiBacillus megateriun€CCM 2037 (culture was purchased
from Czech Collection of Microorganisms). At firste tested the influence of
various limitations (nitrogen, phosphorus or conalion of both) applied at the
beginning of stationary phase. Secondly, the neategly of exposition of
bacterial culture to exogenous stress in ordemtmaece PHB production was
screened. Finally, various media including wasteesle whey or starch-based
medium were introduced to test whetH&r megateriumcould be used for
biotechnological production of PHA using cheapaboa substrate. The results
obtained in this work were publishé@bruca et al., Chemicke Listy 102 (2008)

p. 1255-1256).

Nitrogen and phosphorous limitation is widely used enhancement of
PHA yields, on the contrary, application of exogenstress factors in order to
support PHA accumulation would be a new approactPHA production.
Controlled stress conditions are known to enhanoeoimal production of
several industrially interesting metabolites suslcarotenoids [25] proline [26]
or ectoines [27], but to our knowledge only Natamagt al. used controlled
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osmotic pressure to increase PHB vyields Riizobium DDSS-69 [11].
Influences of other stress factors such as ethdmdyy metals, hydrogen
peroxide etc. on microbial production of PHA hawt been studied yet. Hence,
we applied selected stress factors;(§1 ethanol, NaCl, NiG| citrate and
Na,SQ;) at the beginning of cultivation and analyzed Pétatents in cells after
35 hours of cultivation. Because particularly ethlaand also Ng&5O; supported
PHB biosynthesis as compared to control cultivatiove assumed that
application of stress factors may have been patiesitiategy improving process
of PHA production. Nevertheless, time of stressdiaapplication as well as its
concentration had to be optimized. Thus, the firgiortant part of our further
work was focused on PHA production under controb&@ss conditions as a
tool allowing improvement of PHA production process

Bacillus megateriuns bacterial strain able to utilize wide rangecafbon
substrates and for this reason we performed ctittivaf this bacterial strain on
selected carbon sources. The highest PHB yields wlgtained for BM medium
(Bacillus Medium according to Czech Collection of ickborganisms)
supplemented with glucose, howevBr, megateriumwas also able to utilize
cheaper starch and, moreover, waste cheese whdy. [@rted number of
bacterial strains is able to turn lactose, the nmaganic constituent of cheese
whey, directly into PHA. Thereby, next part of owork was focused on
biotechnological conversion of waste cheese whiytime high value materials
employingB. megateriunmonoculture.

4.2.The influence of exogenous stress on PHA production

In our further experiments we focused on the stodyinfluence of
exogenous stress conditions on PHA production. Asntioned above,
exposition of culture to particular stress factohaced PHB accumulation in
cells. Nevertheless, the PHA contentsBiacillus megateriuncells as well as
total PHB vyields were rather low, therefore, we ided to employ other
bacterial strain -Cupriavidus necatoH16 (CCM 3726).C. necatorH16 is
considered as a model microorganism for SCL-PHAlpction. So that, for us
it was the strain of choice to study the connechetween stress response to
particular stress and PHA metabolism. In additidnpmass and PHA
productions irC. necatorare much higher as comparedtamegaterium

Another published papé®bruca et al., Folia Microbiol 55 (2010) p. 17-
23), describes the effect of different times of apgiens and concentration
levels of selected stress factors on PHB productic@. necatorH16. Among
tested stress factors (ethanol, hydrogen peroxiCl, NiCL and CoCl)
predominantly both ethanol and hydrogen peroxidearoed PHB accumulation
in cells. The stress factor concentration and itime of stress application were
observed to be crucial in terms of gained PHB weld
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It was interesting to observe that exposition ofteaal culture to mild
stress resulted in unaffected biomass formationirecr@ased PHB biosynthesis,
but higher stress dose resulted in inhibited badtgrowth and lowered PHB
yields. For example, application of higher osmagitess (5 glof NaCl)
significantly reduced PHB content in cells as coradao control culture (55.3
% stressed culture and 65.2 % control). This mag leeen caused by inhibition
of PHB biosynthetic pathway in stressed culture sintlltaneous activation of
other metabolic processes related to osmotic stegsonse. Moreover, also
partial degradation of PHB might have occurred ndeo to produce energy to
endure osmotic stress, as was reported by Breedveald [9].

Therefore, optimizations of stress factors cemtrations were
performed to achieve maximal PHB yields. Finalhg total yields obtained in
this work were compared with those published ierditure. It could be stated,
that our yields belonged among the highest repddedatch cultivation ofC.
necatorH16 (seeTab. 1). Furthermore, controlled application of stresstdes
not only enhanced total PHB yields, but also insegaPHB content in cells.
This effect would reduce costs of PHB recovery,aose PHB content in cells
strongly affects the efficiency and the cost of destream processing [29].
Hence, controlled application of either ethanohpdrogen peroxide seems to be
very effective and simple strategy to improve PHi@lds and reduce its
production cost.

Tab.1. Comparison of PHB yields and PHB contents inscelbtained in our
work and those published in literature for Cupridws necator in batch culture.

Biomass PHA PHA

g "] O % Reference

Substrate (concentration) Cultivation

Khanna & Srivastava

Fructose (40 g']i) E 13.40 6.75 50.37 2005
Fructose (40 g1) F 20.73  9.35 45.10 Khan”az‘é‘osg)”vaﬂava
Glucose (40 g1) E 20.50 12.70 61.95 Wang & Yu 2007
L-Thr (159 'l)l’_f; uyricacid 59 ¢ 13.00 5.73 44.30 Kimura et al. 2008
Glucose (20 g?) E 8.78 2.80 31.90 Zhang et al. 2004
Glucose (20 g?) E 3.22 250 77.80 Zhang etal. 2004
Fructose (20 g) ethanol stress E 14.1611.23 79.30 This study
Fructose (20 g1) peroxide stress E 14.3010.90 77.41 This study

"E — erlenmmeyer flasks, F - fermentor
The enhancement of PHA production under stressitonsl is interesting

phenomenon with potential practical outcome, s¢, tva decided to look into
the metabolic aspects of exposition of bacteri¢tucel to stress conditions. Our
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findings are summarized in the next pa@bruca et al., World J. Microbiol.
Biotechnal. 26 (2010) p. 1261-1267). In this work we describe the consequences
of stress response @f. necatorto ethanol and hydrogen peroxide from PHB
production point of view. Application of optimal woentrations of either
ethanol or hydrogen peroxide at the beginning efdtationary phase of growth
had resulted in stress response of bacterial stvaioh subsequently increased
activity of PHB biosynthetic pathway.

Exposition of bacterial culture to oxidative stressults in activation of
several metabolic pathways involved in oxidativeest response. Under
oxidative stress conditions, some molecules arstttatively present in cell and
help to maintain intracellular reducing environmentto scavenge chemically
reactive oxygen species. For instance, reducedtpione present in cells at
high concentrations maintains a strong reducingpaatlular environment. Its
reduced form is regenerated by glutathione redaatasng NADPH as a source
of reducing power. Therefore, under oxidative streslls need to maintain high
ratio NAD(P)H/NAD(PY. It was the reason why exposition EB$cherichia coli
[29] andSaccharomyces cerevisifz0] to hydrogen peroxide increased activity
of glucose-6-phosphate dehydrogenase, the firstnemzf pentose phosphate
pathway generating NADPH for various metabolic psses. We observed, that
also exposition oCupriavidus necatoto stress induced by hydrogen peroxide
resulted in increased activity of glucose-6-phosphiehydrogenase. Thus, it is
likely that resulting high intracellular ratio NABPNADP" partially inhibited
the Krebs cycle and supported both flux of acetyAGnto PHB biosynthetic
pathway and activity of NADPH dependent acetoae€tylreductase. This was
probably the reason why exposition ©f necatorto oxidative stress enhanced
PHB biosynthesis in bacterial cells. From this pah view, enhancement of
PHB accumulation in cells could be considered aside effect of stress
response. Nevertheless, according to Ayub et BlA Bre directly involved in
oxidative stress response because PHA serve asdalatar of the pool of
reducing equivalents NADPH and NADH in cells, whibklps to alleviate
oxidative stress [6]. Generally, stress respondaeaoteria is complex metabolic
process involving number of pathways and regulapoimts. Also PHA seems
to belong among molecules contributing to survimter harmful conditions
caused by reactive oxygen species, but the exachanesms have not been
clearly explained so far.

According to our results, ethanol pronounced PHBdpction in C.
necatoreven more intensively than hydrogen peroxide. keoito understand
this effect, we looked into connection of PHB biothesis and stress response
to ethanol as well. Addition of ethanol into cuéttion media activated alcohol
dehydrogenase. Then final product of ethanol méitadimn is acetyl-CoA
while reduced coenzymes NAD(P)H are formed and fted is built into
acetyl-CoA. Similarly to hydrogen peroxide, the sequence of such a stress
response is partial inhibition of Krebs cycle amha&nced flux of acetyl-CoA
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into PHB biosynthetic pathway. Moreover, enhancexel of reduced
coenzymes supported activity of acetoacetyl-CoAictase and decreased free
CoA concentration activatdstketothiolase.

Interconnection between stress response (ethaddhydrogen peroxide)
and PHB biosynthetic pathway Gf necatorns displayed irFig. 1.

Application of both stress factors enhanced PHBdgi@nd activities of
B-ketothiolase and acetoacetyl-CoA reductase, lilndt affect activity of the
last enzyme of the PHB biosynthetic pathway — PHiBtlgase. These results
indicate that the key enzymes regulating PHB cdntenells areg3-ketothiolase
and/or acetoacetyl-CoA reductase rather than PHihage. This conclusion is
In consistence with results of Oeding and Schlg@ah as well as Senior and
Dawes [32]. In both works they suggestBketothiolose rather than PHB
synthase being the crucial enzyme regulating PHEh&gis in cells. On the
contrary, Doi et al. proposed acetoacetyl-CoA réamlkee to be the main enzyme
regulating PHB content in cell [33]. It is also pide that both enzymes are
involved equally in regulation of PHB synthetic Ipaty. However, the fact that
the application of ethanol or hydrogen peroxideagrdes activities of both of
them is beneficial in terms of production paraneter

Fthanol stress
TCA cycle HSCoA + Ethanol + NAD(P)*

Glucosc
//
Acetyl-CoA

“~>- Acetyl-CoA
| +

| NADP)H

Acetoacetyl-CoA
NADPH

NADPH+H* -
Accluacelyl
CoA reductase
+
R)-3-OH-Butyryl-CoA Gluconate-6-phosphate

PHB SY"“’*’S“ I\» HSCoA

Glucose-6-phosphate + NADP*
Oxidative stress
Fig.l. Schema of interaction between stress responisan@tand
oxidative pressure) and PHB biosynthesis.

Although the exposition of culture to stress did mdluence activity of
PHB synthase, which is considered to be enzymeonssiple for length of
polyester chain, molecular weights of materialsdpa®d under stress conditions
were observed to be significantly higher as congbémecontrol. Our results are
similar to those of Kichise et al. who reportedtthmlecular weight of PHB is
independent of PHB synthase activity [34]. Oppdgita vitro experiments of
Gerngross and Martin demonstrated that moleculagiweof PHB decreased
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with increase in the initial activity of PHB syn#&a[35]. Kawaguchi and Dol
proposed the presence of chain-transfer agent agexgeinCupriavidus necator
cells which reacts with propagating polyester chiaimegulate the chain length
of PHB. In vivo, this regulating factor is probabityore important than activity
of PHB synthase [36]. Our results could indicate thesides PHB synthase also
B-ketothiolase and acetoacetyl-CoA reductase mayribate to regulation of
molecular weight of PHB. Potential explanation cbute that increased
intracellular level of 3-hydroxybutyryl-CoA, the msequence of increased
activities of 3-ketothiolase and acetoacetyl-CoA reductase, mightanother
factor stimulating PHB synthase to form longer psher chains.

Generally, the fact that controlled applicationstress conditions leads to
enhanced PHB yields could bring practical biotedbgical outcomes. Simple
addition of cheap substance enhanced PHB yieldsitaBd %. Moreover,
molecular weight of PHB produced under stress ¢mm# was significantly
higher. Thereby, application of ethanol and hydrogeroxide did not only
enhance PHB vyields, but also improved mechanicapgnies of produced
material. Furthermore, in the manuscript attache(aruca et al. Biotechnol.
Letters, Accepted for Publication) we reported that the application of propanol
had similar effect on PHA biosynthesis in termsnafeased PHA vyields, but, in
addition, also other monomer unit - 3-hydroxyvalerawas built into polyester
chain. This again significantly improves mechanipabperties of PHA. For
instance, incorporation of 10 % of 3-hydroxyvaleracreases elongation to
break from 3 % (homopolymer PHB) to 20 % (copolyfé@HB-co-HV)) [1].

To our knowledge, the use of propanol as a precursb 3-
hydroxyvalerate in P(HB-co-HV) has not been repbsde far. We assumed that
the way of propanol metabolization @ neactoris the same as that of ethanol.
Hence, propanol is oxidized and, finally, transfedho propionyl-CoA. During
oxidation, reduced coenzymes are formed, whichnagiapports PHA synthesis
in the same way as in ethanol. Further, propiorgA@s coupled with acetyl-
CoA in reaction catalyzed bfg-ketothiolase 3-ketothiolase encoded by gene
phbAis specific only for acetyl-CoA, therefore, thi®g must be catalyzed by
enzyme encoded by get&tB which is placed out ophaCABoperon ofC.
necator [37]. Following NADPH dependent stereospecific retthn of 3-
ketovareryl-CoA could be catalyzed by acetoacetyhCnevertheless, the rate
of 3-ketovaleryl-CoA reduction is only 16 % of thait acetoacetyl-CoA [38].
The final step of copolymer synthesis is catalyggd®HB synthase (also called
PHA synthase) which is, thanks to its low substegecificity, able to built 3-
hydroxyvalerate units into PHA structure. Mechanirat we propose for the
metabolization of propanol and its subsequent pa@tion yia propionate and
3-hydroxyvaleryl-CoA) into PHA structure is shownRig. 2.

To conclude this chapter, exposition of culture dontrolled stress
conditions caused by alcohols (ethanol or propaaal hydrogen peroxide
could be used as a novel strategy for improvemé&mHA production process
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as well as mechanical properties of produced nadserit can be assumed, that
the mechanism of stress response against thess $&retors is more or less
similar in most of bacteria. Thus, this strateguldobe effective also in other
PHA producing strains than €. necator and might be used also for
improvement of PHA production from waste cheep sabss. We believe that
synergic effect of application of cheap stressdiaenhancing PHA yields and
utilization of cheap waste substrates could redutd cost of polyesters and
make them more susceptible for various applicaéiod consumers. Therefore,
in our next work we focused on PHA production usivaste substrates.
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Fig. 2. Proposed mechanism of metabolization of propagdl. necator
H16 and its incorporation into P(HB-co-HV) copolynstructure.
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4.3.Production of PHA from cheap/waste substrates

Bacillus megateriunms able to convert lactose from cheese whey dyectl
into PHB. Thanks to high amount of cheap cheeseywireduced daily in
cheese manufactories, this carbon source represdmictive substrate for
economically feasible production of PHA in large aamts. However, apart
from transgenic. coli, only few PHA producing strains are capable ohituy
lactose directly into PHAB. megateriums one of them. Therefore, we decided
to optimize the whey medium to enhance PHB and agmyields.

Optimization of cheese whey medium was performenhgu$lacket-
Burman experimental design. This statistical todloves optimizing
multivariable process in which numerous potentiatifluencing factors are
involved. Placket-Burman experimental design ismftused to screen and
evaluate factors that influence studied processtamelps to identify the crucial
ones. In our process of PHB production from chedsey, dilution of whey was
identified to be the most important factor. Therefove made optimization in
order to find the best dilution of whey expresssda@tose concentration (g
Undiluted cheese whey contained 40 off lactose, for our purpose it was
optimal to dilute it to 20 gl Also supplementation of medium with some
inorganic salts pronounced biomass as well as Rifdtion. Finally, medium
optimization enhanced PHB yields about 50 tifsee Fig. 3)

3,5 -
O Biomass
3,0 ~ == -
o PHB T
72,5 1
k)
@ 2,0+
o
@ 1,5 - T
IS
o T
a 1,04 T
0,5
0,0 | ‘
Before optimization  Optimized medium After stress
exposition (1 % EtOH)

Fig. 3 Biomass and PHB yields obtained on cheese wheyimed

After that, we tried adding ethanol and hydrogerropieles into
cultivation media in order to even increase PHBdgeBoth stress factors were
applied at the beginning of stationary phase a¢rsd\concentration levels. The
most efficient, in term of enhancement of PHB yseldvas ethanol which
increased yields about 40 %. This fact supportsppesumption that the stress
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response against alcohols, especially ethanol,dsemor less similar among
bacteria. Hence, ethanol can be used as univeasabrf stimulating PHB
biosynthetic pathway.

Furthermore, our results indicate the potential Bof megateriumfor
industrial production of PHB from cheep waste whéjowever, further
experiments must be aimed at cultivation in labmyatand semi-industrial
fermentors, because for industrial production ofBRiHis necessary to reach
high cell density (more than 100 §of cell dry weight). To obtain such a high
cell concentration, it is esential to control clgsmany factors such as agitation
speed and aeration, pH, temperature etc., whipbgsible only in fermentor. To
overcome substrate inhibition, it is necessary twkwn fed-batch mode. As a
feeding solution, concentrated whey can be usetdthene might be a problem
with raising osmotic pressure in medium (cheeseywtself contains a lot of
salts) especially at late period of cultivationnddly, introduction of stress
factors into well aerated fermentor could lead iffecent response of culture
than was observed in Erlenmeyer flaks. Thus, furdx@eriments are needed to
face all potential problems.

Results regarding PHB production on cheese wheylammg B.
megateriumwere presente(Obruca et. al., New Biotech. 25 (2009) p. S257)
and also manuscrigObruca et. al., Annals Microbiol., submitted) has been
recently submitted for publication.

Due to a lot of problems related to PHB productiom waste cheese
whey, we decided to test other attractive feedstockPHA production — edible
oils. In contrast to the other carbon sourcestltiieeretical yield coefficients of
PHA production from plant oils are as high as oi/€r g-PHA per g-plant oll,
since they compose much higher number of carbansaper weight [39].

For PHA production from plant edible oils we emydd bacterial strain
C. necatorH16 (Obruca et al. Biotechnol. Letters, Accepted for Publication).
First of all, we decided to test various edibles ailhich were available at shops
and also waste oils from different sources (houskhoniversity canteen,
restaurant and fried chips producing manufactonsiréznice). According to
our results, PHA yields are dependent on the tyfpailoRelatively high PHA
yields were obtained on rapeseed oil, which iscgfedible oil for our region.
However, even better yields were obtained whenep@attculture was cultivated
on waste oils. Our results are showeda. 2.
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Table 2. Growth and PHB production of C. necator H16 onieas oils as

carbon sources

PHB PHB

Qil Biomass [g.1'] [9.1" [% wiw]

Olive 8.14+0.15 3.27+0.25 40.20
Corn 10.85+0.61 4.36+0.38 40.18
Soybean 7.47+0.43 2.08x0.11 27.79
Sunflower 9.37+0.15 4.63+0.44 49.37
Rapeseed 9.54+£040 4.77+£0.40 50.02
Waste - Household (sunflower) 10.28 £0.57 5.82+0.39 56.60
Waste - University canteen (rapeseed) 12.77+£0.49 7.69 £0.37 60.22
Waste - Restaurant (sunflower) 11.43+0.52 6.73+0.08 58.87
Waste — Chips manufactory (rapeseed) 12.22 £+0.63 6.76 £ 0.50 55.28

Waste edible oils exhausted from the food indusingl food service
industry are recovered legally as industrial wasted can be converted to an
animal-based feed, fatty acids, soaps or biodietelHowever, a lot of waste
oils (especially those from households) are nabvered and are disposed of by
incinerators as inflammable waste after being diebin papers or coagulation
with a certain coagulants which cause serious enmental problems, such as
waste management or global warming. In additiopar of waste oils flows up
into the sewage, resulting in water pollution [40h the other side, waste edible
oils represent promising source for production ofypydroxyalkanoates. The
idea is to convert problematic waste, which islydal in price, into high value
environmental friendly product. Despite all the adtages of such a process,
there are only few reports on PHA production fromste oils. Taniguchi et al.
reported PHA production from waste sesame oil eyap¢pC. necatoy achieved
yields were about 4.6 ¢.[40]. Chan et al. studied MCL-PHA production from
various plant oils including waste oil usiftgeudomonas aerugingshut the
PHA content in cell was only about 5 % of dry aedight [41]. Finally, Mas et
al. cultivatedPseudomonas aeruginosa waste frying oil and reached MCL-
PHA yields 3 g:[42]. PHA vyields we obtained on waste oils in batalture in
flasks were almost twice as high as those repantétérature. The highest PHA
yields were obtained on waste rapeseed oil comiam funiversity canteen,
therefore, this oil was used as carbon substraa# following experiments.

On the basis of our results we tried evaluatingntiest promising carbon
substrate from the economical point of view. Theldicoefficients were
calculated from results of experiments carried inupatch mode. It should be
taken into account that the value obtained in fatib mode would be
significantly higher and our economic analysistigrefore, only approximate.
The prices of pure substrates were taken from veglep of International Trade
and Business Knowledge. Final calculation was basethe presumption that
the costs of carbon substrates represent 40 %edifrthl cost of PHA produced
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by bacterial fermentation. The commercial pricePdfA is 2-4 $.kg, for this
economical consideration we took mean of this \&l8e$.kg". The price of
waste oil was taken from web pages of company @il a.s., which buys out
waste edible oils for price about 2,- CZK per &rliof oil. So, inTab. 3 there
are shown the calculated theoretical prices of P&l these prices are
compared to the prices of synthetic polymers witbpprties similar to PHA —
polyethylene and polypropylene.

Tab 3. Basic economical consideration of PHA producticasdd on results
obtained in our work (Cupriavidus necator H16, Watculture, Erlenmayer
flask, 30°C, constant shaking 150-200 rpm, substancentration 20 g').

PHA  Yield  Priceof Caculated
Substrate yield coefficienf substrate® pgﬁigf
-1 -1 -1
[9.17] [9.977 [EURKg] [EUR kg
Fructose 11.20 0.56 1.58 3.81
Olive oll 3.27 0.16 2.25 14.73
Corn oil 4.36 0.22 1.03 5.71
Soybean oll 2.08 0.10 1.12 11.77
Sunflower oil 4.63 0.23 0.87 4.76
Rapeseed oil 4.77 0.24 0.60 3.51
Waste oil - Household (s) 5.82 0.29 0.10 1.33
Waste oil - University canteen (r) 7.69 0.38 0.10 1.24
Waste oil - Restaurant (s) 6.73 0.34 0.10 1.28
Waste oil - Chips manufactory (r) 6.76 0.34 0.10 1.28
. Price
Synthetic polymer [EUR/Kg]
Polypropylene 1.47
Polyethylene 1.15

& _ coefficients were calculated as PHA producegég)substrate added (g)

P _ prices of substrate were taken from web pagéstefiational Trade and Business
Knowledge (www.alibaba.com), only price of wastds oivere taken from web
pages of company Trafin Oil a.s. which does businegh waste edible oils of
plant origin. 1.00 $ was taken as 21.00 CZK, 1 EURG taken as 25.75 CZK

¢ - final prices of PHA were calculated based aaspmption that the cost of carbon
source represent 40 % of the final cost, pricetdARvas taken as 3 $ per kg.

(s) - sunflower waste oily) — rapeseed waste oil

If pure carbon substrates such as fructose onafe used, the theoretical
prices of produced materials are significantly liglthan that of synthetic
polymers. Oppositely, if waste edible oils are uaedhe substrate, final cost of
PHA is comparable with price of polypropylene. ©lticse, other factors such as
the costs of up-stream and down-stream processwishede to the final cost of
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PHA and, hence, the cost of produced material wdaddprobably higher.
However, we believe that the price of PHA produfexin waste edible oils
could be, at least, competitive to the price ofypodpylene or polyethylene. It is
likely that the limiting factor could be the amouwit available waste oil. Its
delivery transportation from far distances couldldugstically problematic and
also expensive. On the other side, the idea of @mion of problematic waste
into high value product is worth of such an effort.

In our further experiments we tested exposition baicterial culture
cultivated on the waste rapeseed oil to controfidss conditions caused by
methanol, ethanol and propanol. Surprisingly, aaplon of all stress factors at
the 24" hour of cultivation not only enhanced PHA yieltst, moreover, also
significantly supported the growth of bacterial tatd. The more non-polar
alcohol, the more pronounced growth was observedm@ss yields were:
control 11.17, methanol 12.09, ethanol 13.03, pmopald.68 gi). The
explanation of such an effect could be that alc®lsoipported solubilization of
triacylglerols, which made them more susceptibleathion of extracellular
lipases. This is likely to have increased concéima of products of lipases
action — glycerol and fatty acids in medium whicbuld support bacterial
growth.

All tested alcohols also enhanced the PHA synthastells. Application
of both ethanol and propanol caused accumulatioreally high contents of
PHA in cells (about 79 % of cell dry weight). In daibn, application of
propanol resulted in incorporation of 3-hydroxyvate into PHA structure,
which significantly improves mechanical propertodproduced material. As far
as we know, we are the first who have reportedphapanol could be used as a
precursor of 3-hydroxyvalerate. In comparison wdther commonly used
precursors of 3-hydroxyvalerate, such as propiooatealerate, propanol has
also other advantages — it is much cheaper andhiarees PHA yields and
supports the growth of bacterial culture on oil€a@don substrates.

Because production of P(HB-co-HV) from waste rapds®il using
propanol as a stress agent seemed to be very gresategy, we decided to
perform fed-batch cultivation in laboratory fermantPropanol was applied at
the 18 hour of cultivation and after that its concentrativas maintained at 1
%. Nitrogen source ((NBLSQO,) level was maintained at 3 g.until the 3@
hour of cultivation when nitrogen feeding was s#gppto induce nitrogen
Iimiltation. Concentration of carbon source (wastpeseed oil) was kept at 20
g.l".

Application of propanol resulted in incorporatioh ®-hydroxyvalerate
units into PHA chain, thus, we can assume that @kpao of bacterial culture to
stress condition is effective strategy even if undtis cultivated in fermentor.
After 72 hours of cultivation, we gained high cedénsity (cell dry weight was
138.46 g.), moreover, cells contained 76 % of PHA with 8 % %
hydroxyvalerate. Total yield of PHA was 105.05'gVolumetric productivity
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yield was 1.46 gih™ and vyield coefficient was 0.83 g-PHA per g-oil.
Production parameters obtained in our work belangray the highest reported
for PHA production from fatty acids. Furthermoré,should be taken into

account that we worked with waste oil while mostotifier authors used pure
substrates.

If we use the yield coefficient obtained in feddtatmode (0,83 g-PHA
per g-oil) for calculation of final price of PHA ithe same way as ifiab.3, the
theoretical price of PHA produced in fed-batch méoen waste rapeseed olil is
1.11 EUR.kg. It is about 30 % less than the price of polyptepg. According
to this calculation, waste oils can be consideoeldet the most promising carbon
substrates facilitating economically feasible pescef PHA production.

If we compare both types of waste substrates atede- waste plat oils
and waste cheese whey, we can state that wastseeits to be superior to whey
for number of reasons. First of all, the yieldsaoftd on waste oils were much
higher than those on cheese whey. This is due t@ogment of C. necator
H16, which is highly productive strain that growsry well on oils, but it is
unable of utilization of lactose. On the contraBy, megateriumwas able to
utilize lactose, but biomass yields were rather, lags compared t€. necator
Because PHA are intracellular metabolites, highdmshsity is the first condition
of high total yields of PHA. Secondly, importantvadtage of waste oil is its
stability and practically none demands on up-streaotessing. The only step
required prior cultivation is the removal of solplarticles by filtration.
Oppositely, cheese whey had to be treated in @aode&rmove excessive proteins,
which represent another complication of productimmcess. Furthermore,
cheese whey tends to spoil, therefore, it needsgbkept frozen or at least
chilled. This fact could really complicate and eaigrice of logistical part of
PHA production from cheese whey. On the other sids, could be stored at
room temperature and they are also microbiallylstabinally, as mentioned
above, there are many problems concerning usiny abdeeding in fed-batch
mode because of high osmotic pressure of concedtrahey solution. On the
other side, it is not a problem to feed edible wiléed-batch mode. For all these
reasons, waste oils are very promising cheap substfor PHA production.

4.4.Biodegradation of polyurethane materials

Apart from production of polyhydroxyalkanoates, tbecond subject of
proposed doctoral thesis dealt with biodegradatain selected modified
biomaterials, particularly polyurethanes. Becau$etheir resistance against
various biotic and abiotic agents and large scélevarldwide production of
polyurethane materials of diverse kinds, waste yrelthane materials represent
serious environmental issue. In order to overcoraehsproblems, new
polyurethane materials were prepared at DepartnoénMaterial Science,
Faculty of Chemistry, Brno University of TechnologBiodegradability of
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newly synthesized materials was enhanced by pad@bhcement of resistant
polyether polyol by biopolymer of renewable originch as carboxymethyl-,
hydroxyethyl- or acetylated cellulose, acetylatetch and wheat protein [43].
These materials were prepared in two forms - PUHnand PUR elastomeric
films. Our goal was to investigate the biodegralitgbiof these materials
employing selected bacterial cultures. The firstrt paf biodegradation
experiments was performed with polyurethane foamd the results were
presented as part of the diploma thesis [44] amthdu published in paper
(Obruca et al., Chemicke Listy 102 (2008 ) p. 1219-1220). Another manuscript
has been recently submitted for publicatig@bruca et al., J. Environ.
Manage., submitted). The second part of experiments was focused carels
on biodegradability of PUR elastomeric materiallsofthis research resulted in
two papers, the first one has been already puldigbDbruca et al., Chemicke
Listy 102 (2008) p. 1257-1258) and the second one was accepted for publication
(Obruca et al., Environ. Technol., Accepted for Publication).

The second form of PUR materials — elastomericdiklmwas prepared
using the same raw materials as for PUR foams, thielyfoaming agent (water)
was omitted. Also in this case PUR materials weredifired by partial
replacement (10 %) of polyether polyol by biopolymd-or testing of materials
biodegradability only mixed thermophillic cultureag/used

The exposition of PUR elastomers to mixed cult@sulted in surprising
growth character of bacterial culture. Whereas RPaHns supported the growth
of bacterial culture from the beginning of cultiat [44], the presence of PUR
elastomeric films in the cultivation media stronghhibited the growth of
bacterial culture for unusually long period. Netetess, after this long lag-
phase, bacterial growth started and was very inenso that the biomass
content was higher than in control culture. It b@nexpected that this long lag-
phase was caused by release of some toxic sub&afcen PUR elastomeric
films into cultivation media. This substance(s)aaled toxic effect on bacterial
culture, because it inhibited its growth. Howe\ater some time culture was
able either adapt to harmful condition or elimintmbeic substance and growth of
culture was started. The fact that this effect was observed in PUR foams,
which were prepared using the same raw materiady, indicate that the toxic
substance(s) responsible for long lag-phase mighkie tbeen removed during
process of foaming.

The release of toxic substances from waste PURriasteas far as we
know, has not been reported yet. Due to huge amoohtPUR materials
produced worldwide, this could present another lgrabrelated to impact of
PUR on environment. Asides its resistance and dityalivhich cause an
accumulation of solid waste, PUR materials can ls® @onsidered to be
potential sources of toxic substances. Thus, mieataon should be paid to this
group of materials in order to prevent both accatoih of solid waste and
potential release of toxic substances.
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Finally, we decided to look for the raw materiadpensible for the long
lag-phase and, therefore, we applied individuahahals into cultivation media
and monitored bacterial growth. Surprisingly, nooé tested chemicals
presented solely in the medium prolonged lag-ph&se.we decided to test
combinations of them and we observed that if betfalgst (dibutyltin laurate,
DBTL) and polyether polyol (PEP) had been added aultivation media, the
prolonged lag-phase occurred. Hence, our results lma interpreted that
prolonged lag-phase was caused by small residudd.@Bd PEP, which were
not built well into PUR matrix. In water environnietihey were released into
surrounding cultivation medium. After that theyardcted which each other or
with some components of medium and formed subssaposvented bacterial
culture from dynamic growth. To our knowledge, @féect of prolonged lag-
phase caused by these substances, which are coyneed for synthesis of
PUR materials, has not been reported so far.

Because PEP also contributes to toxic effect of RlHtomers, partial
replacement of this component by biopolymer couddves as a strategy
decreasing toxic effect of PUR elastomeric filmgpRcement of 10 % of PEP
did not suppressed lag-phase. Nevertheless, th@hlase observe in PUR
materials modified by biopolymer was significaniiorter than that of non-
modified material. For instance, simple replacemehtl0 % of PEP by
acetylated starch shortened the lag-phase aboutm@s.t Furthermore,
modification of PUR elastomeric by biopolymers somed the growth of
bacteria in all cases in comparison with eitherticdror reference non-modified
sample. In addition, we observed that modificatioh elastomers by
biopolymers resulted in significantly enhanced mlasses of samples during
cultivations both with and without presence of eael culture. Although the
main part of mass losses was probably caused biganaal disruption of PUR
samples or by solubilization of biopolymer, the tfélcat mass losses were
always higher in presence of bacterial culturedatlis that also the bacterial
culture contributed to degradation process.

Similarly to PUR foams, also degradation of PURs®meric films
probably involves two steps. The first step is bidegradation, during which
PUR elastomeric films exposed to water environnsgantaneously degraded
and the main part of released degradation prodsatenstituted of modifying
agent. Therefore, the mass losses of samples wemgly dependent on the
type of modifying agent used and the highest massek were observed in PUR
materials modified by in water well soluble carboand hydroxyethylcellulose.
The second step of process was subsequent uahzafi products of abiotic
degradation. Apart from this mechanism observed alsPUR foams, direct
bacterial utilization of PUR elastomers was obsgras well. This is in
consistence with Albertosson et al. who reporteat the abiotic and biotic
degradation of polymeric materials can occur siandbusly or subsequently
[45]. Nevertheless, direct utilization of PUR saagpl modified by
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carboxymethyl-, hydroxyethylcellulose and acetydatstarch is very slow
process as compared to the abiotic degradatiorth®wontrary, in the case of
sample modified by acetylated cellulose, directiasion of PUR samples
represented the main part of degradation processyrosses - 1.66 % with
culture, 0.40 % without culture). Moreover, PURsétemeric film modified by
acetylated cellulose also supported the growthutitice the most intensively of
all the tested samples. Because this material dusstend to degrade
spontaneously (low mass losses without culture)iasdems to be susceptible
to biodegradation, acetylated cellulose could leeniodification agent of choice
in order to enhance biodegradability of PUR elastocrfilms.

POLYMERIC Abiotic degradation of polymer and
COMPOUNDS subsequent assimilation
l \ of abiotic degradation products
Enzymes Chemistry

+
Cells
l Fragments

Biochemistry Enzymes

Y

CO2 + H20
Biomass
Fig.19. Comparison of biotic and abiotic mechanism ofreddgtion of

polymeric material [17].

To sum up the part of the thesis dealing with bgvddation of modified
PUR materials, it can be conclude that modificabdbPUR materials by simple
replacement of polyether polyol by biopolymer se¢mbe promising strategy
especially if PUR material is in form of elastoneefilm. In PUR elastomers, we
observed toxic effect of materials on bacteriatu@l. This undesirable effect is
significantly reduced if polyether polyol is patlyareplaced by biopolymer.
Moreover, in contrast to PUR foams, direct utiliaatof samples was observed
in PUR elastomers, while the degree of bioavailgbibf material strongly
depends on the type of biopolymer used for modibca According to our
results, acetylated cellulose is very interestingice, because this material built
into PUR matrix does not tend to degrade spontasigobut the composite
PUR material revealed the highest biodegradability.
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5. CONCLUSIONS

5.1.Conclusions 1: Production of polyhydroxyalkanoates

» Bacillus megateriunCCM 2037 can be used for PHB production from
various carbon substrates including cheese wheyaoch based medium.
Screening experiments with this strain indicatdakt texposition of
bacterial culture to controlled stress conditiorsyrhave been used for
enhancement of PHB yields.

» For our purposes, gas chromatography was the methathoice for
analysis of PHA. If Mass Spectrometry detection wesed, really
sensitive method with the possibility to identifidividual monomers was
gained. Employment of Flame lonization Detectoruitesl in the less
labor-intensive protocol for analysis of our samsplavith optimal
sensitivity.

» PHB production inCupriavidus necatocan be significantly enhanced if
controlled stress conditions caused by ethanolhgadogen peroxide are
induced. In terms of final yields, stress dose @me of stress application
should be optimized. The highest PHB yields wergeoled when stress
was applied at the beginning of stationary phadeer/foptimization of
stress dose, PHB yields were improved about 30 @¥omparison with
control culture.

» Stress response @f. necatorto hydrogen peroxide involves an increase
of activity of pentose phosphate pathway. The tedfusuch a response is
increased NADPH/NADPratio which partially inhibits Krebs cycle and
supports the flux of acetyl-CoA into PHB biosynthepathway. Also
activities of [J-ketothiolase and acetoacetyl-CoA reductase araremul
and, thus, PHB accumulation in cells is supported.

» In C. necatorcells, ethanol is metabolizedh oxidization while the final
product is acetyl-CoA, the key substrate of PHBshithesis. During
ethanol metabolization, reduced coenzymes are fbrase well, which
supports PHB synthesis in the same way as in ddsgloogen peroxide.

» Despite the fact that activity of PHB synthase was influenced under
stress conditions, the molecular weights of pobmsstproduced in the
stress environment were significantly higher. TlB8ect was very
interesting and it deserves further experiments utaerstand its
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mechanisms. Nevertheless, one of potential expanabuld be that also
concentration of monomer(s) belongs among factastributing to
control of length of polyester chain.

> Application of propanol as a stress agent alsongtyosupports PHA
accumulation inC. necatorcells, probably in the same mechanism as in
ethanol, but, moreover, 3-hydroxyvalerate unitstamg built into PHA
chain. P(HB-co-HV) copolymer possesses mechaniogiguties superior
to PHB homopolymer.

» Controlled application of stress conditions impwet only PHA yields
but also mechanical properties of produced materiaholecular weight
and monomer composition. Thereby, our results cdddused as a
basement for novel strategy in PHA production.

» Production yields of PHB from waste cheese whey leynmy B.
megateriumwere increased more than 50 times by optimizatwdn
medium composition using Placket-Burman methodalo@iie most
important factor, in terms of PHB yields, was whdijution. Optimal
concentration of lactose was found to be 20.¢ubsequent application
of stress factors, particularly ethanol, enhancd® Fields more than 40
%. This indicates that stress response to alcabatsore or less similar
among bacteria and application of controlled stoassed by alcohols can
be used for improvement of PHB production procespleying various
bacterial strains.

» Waste edible oils are very promising carbon sutesfar PHA production
employingC. necatoras a producing strain. On the basis of the resflts
our preliminary economical consideration of PHAguotion process, the
price of PHA produced from waste edible oils cob&leven lower than
price of polypropylene.

> Fed-batch cultivation o€. necatoron waste rapeseed oil in laboratory
fermentor under propanol stress provided high bssvand PHB yields -
138 g.I' and 105 g, respectively. The cell contained 76 % of PHA, 3-
hydroxyvalerate content was 8 %. These results amneng the best
reported for PHA production from fatty substrates.

5.2.Conclusions 2: Biodegradation of polyurethanes

» The mechanism of degradation of PUR materials wre®kwo steps. The
first one was abiotic degradation of materials iatev environment and
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the second step was subsequent utilization of ialdegradation products
by bacterial culture. Unlike in case of PUR foamsUR elastomers also
direct utilization of PUR materials by mixed cukuwvas observed.

PUR elastomeric films revealed to be toxic for ndixthermophillic
bacterial culture. The cultivation of culture irepence of PUR elastomers
was accompanied by unusual long lag-phase. Thiphage was caused
by release of small residues of polyether-polyadl @m catalyst from
samples. After few days, bacterial culture was elileer to adapt to toxic
substances in cultivation medium or to eliminatmh After that bacterial
growth started.

Modification of PUR elastomeric film by partial dlepement of polyether
polyol by biopolymer significantly reduced toxicfeft of PUR samples
and increased its biodegradability. The most promgisnodifying agent
seemed to be acetylated cellulose. PUR elastonfidmcmodified by
acetylated cellulose did not tend to undergo abidégradation, but, on
the other side, the measure of biotic degradatiaa the highest among
all tested samples.
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/. LIST OF ABBREVATIONS

ATP
CoA
CCM
DEG
MCL
NADH
NADPH

PHA
PHB
P(HB-co-HV)

PPGpp
PUR

RpoS
SCL
TCA

Adenosine triphosphate

Coenzyme A

Czech Collection of Microorganisms

Diethylene glycol

Medium Chain Length

Nicotinamide adenine dinucleotide (reduceut
Nicotinamide adenine dinucleotide phosphatelifced
form)

Polyhydroxyalkanoates

Polyhydroxybutyrate
Copolymer of 3-hydroxybutyrate and 3-
hydroxyvalerate

Guanosin teraphosphate

Polyurethane

Sigma factor of RNA polymerase

Short Chain Length

Tricarboxylic acid cycle, Krebs cycle
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