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ABBREVIATIONS 
 

AFM – Atomic force microscope 
ATP – Adenosine triphosphate 
ATRP – Atom transfer radical polymerization 
AuNP – Gold nanoparticles 
BC – Biofuel cell 
CD – Carbon dots 
CF – Carbon felt 
CNT – Carbon nanotubes 
DI – Deionized water 
EA – Elemental analyzer 
EBFC – Enzymatic biofuel cell 
FIB SEM – Focused ion beam scanning electron microscope 
FITC – Fluorescein isothiocyanate 
FTIR – Fourier transform infrared spectroscopy 
IRMS – Isotope ratio mass spectroscopy/spectrometer 
MFC – Microbial fuel cell 
MWCNT – Multi walled carbon nanotubes 
PANI – Polyaniline 
PBS - phosphate buffered saline 
PDA – Polydopamine 
Ppy – Polypyrrole 
PU – Polyurethane 
Py – Pyrrole 
SDBS – Sodium dodecylbenzenesulfonate 
SECM – Scanning electrochemical microscope 
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INTRODUCTION 

Biofuel cells are devices that produce electricity in the presence of a 
biological catalyst and medium with the appropriate substrate/substrates [1]. 
Over the past three decades, this research topic has attracted increasing 
attention as global energy consumption has been continuously increasing and 
’green’ technologies are gaining popularity. However, biofuel cells have 
become the gold standard for the remediation of wastewater in commercial [2] 
and probably domestic environments [3]. The fundamental principle of 
biofuel cells is that they can simultaneously perform wastewater treatment 
while producing electricity. Most common biofuel cells are equipped with 
either enzymes or living microorganisms. The basic difference is that one is 
using purified enzymes [4] and other living microorganisms [5], which can 
replenish the entire enzyme pool. Thus, microorganism-based fuel cells are 
the most promising as microorganisms are capable of reproducing themselves 
and there is no need for the purification of enzymes, which can often be 
expensive [6]. Microbial biofuel cells (MFCs) and enzymatic biofuel cells 
(EBFCs) operate at ambient temperatures, but MFCs are cheaper and simpler 
to make, as often bacteria samples are required, which are obtained from 
sludge, soil, and many other natural sources. However, the main delay for their 
wide application is a low charge transfer (CT) from the microorganism, or in 
other words, the electrical conductivity of the cell outer layers such as the cell 
wall and/or membrane is low. Typically, this problem is tackled by adding 
charge transfer improving materials into biofuel cell [6-14] or using 
‘specialized’ microorganisms that can perform direct electron transfer [15-
19]. Materials can range from redox-active organic or non-organic salts [20-
24] to various types of conductive nanoparticles [10, 11], nanorods, or 
polymers [12-14]. These materials are targeted to enhance charge transfer at 
medium, fuel cell electrodes, or microorganism outer layers. In combination 
of the chosen materials and the charge transfer enhancement method, there 
have been a number of studies describing various combinations [7, 12, 25]. 
As an example, a typical system uses hydrophilic and lipophilic electron 
mediators to improve charge transfer through the microorganism membrane 
and water-based medium to the fuel cell electrode. On the other hand, one of 
the other common approaches is to modify a fuel cell electrode [26-28], which 
would promote all-together microorganism adhesion to the electrode and 
charge transfer. However, recently a new type of enhancement type emerged 
– in situ microorganism modification with conducting polymers [29-31]. 
Polymerization of monomers into polymers is promoted by microorganisms 
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or external factors, which further creates conductive polymer matrices or 
coatings around individual cells [32]. 

The modifications described here are performed explicitly on yeast 
Saccharomyces cerevisiae. The choice behind was influenced by many 
favorable traits of these cells. They are one of the most studied eukaryotic 
model microorganisms. Their genome [33] and metabolism [34] are well 
characterized and therefore are an invaluable resource in biotechnology and 
industrial applications [35]. This microorganism, that have been used longest 
by humanity [36], were also successfully applied in MFC designs [37, 38]. 
Yeasts are non-pathogenic, grow rapidly, have a wide substrate spectrum, high 
catabolic activity [34], ability to switch metabolism between aerobic and 
anaerobic (alcoholic fermentation)[39] thus these traits make their application 
in MFC promising. 

This thesis covers studies that lay groundwork of yeast Saccharomyces 
cerevisiae modification with conductive polymers for application in biofuel 
cells. The majority of the thesis covers the principles of polymer formation 
around microorganisms, the physical and the chemical nature, and application 
in biofuel cells and other fields. 

This work describes a discovery about localized polymer synthesis on the 
surface of yeast cells. The main objective of the thesis is to evaluate yeast cells 
Saccharomyces cerevisiae and conductive polymer composites and apply 
them in microbial fuel cells. In order to reach the set goal major tasks were 
designed: 

i) Evaluate polypyrrole synthesis using K3[Fe(CN)6] under various 
conditions varying oxygen accessibility and buffer pH values. Characterize 
the synthesized polymer with optical methods; 

ii) Evaluate polydopamine synthesis at various buffer pH values. 
Characterize the synthesized polymer with optical methods; 

iii) Design yeast cell Saccharomyces cerevisiae modification 
methodologies with polypyrrole and polydopamine individually; 

iv) Characterize yeast-polypyrrole composite structure, composition, 
chemical and physical properties; 

v) Apply polymer-modified yeast cells in microbial biofuel cell design 
and evaluate some electrochemical properties. 
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1. LITERATURE REVIEW 

The whole literature review is divided into several sections: principles of 
biofuel cells, CT systems, and conductive polymer application in cell coating 
methodologies. This segmentation ensures a better understanding behind the 
motivations and novelty of this theses. 

1.1. Enzymatic and Microbial biofuel cells 

Biofuel cells (BCs) are electrochemical devices that consist of at least two 
electrodes (anode, cathode), a biological catalyst, which is usually an enzyme 
or microorganism, and a medium with the substrate [1]. During the operation, 
the catalyst catalyzes a chemical reaction, which is a redox-type reaction, 
during which electrons are extracted from the substrate and then transferred 
to the electrode. There are two main types of biofuel cell: enzymatic biofuel 
cells (EBFC) [4] and microorganism-based biofuel cells (MFC) [5]. Each type 
has its pro et contra. In principle, both work similarly. In the simplest BC 
design, there are two compartments separated with a semi-permeable 
membrane, while enzymes/microorganisms are enclosed in an anode-
containing compartment. The semipermeable membrane ensures and enables 
the migration of ions between compartments [1, 4, 5]. The main difference is 
that EBFC requires purified enzymes, whereas MBC does not. If the 
conditions are met, microorganisms can multiply, thus replenishing BC, thus 
MFC is much more cost-effective [6]. EBFCs are designed for specific 
substrates, whereas MFCs exhibit the ability to perform catalysis on a wider 
range of substrates. Lastly, EBFCs tend to perform better than MFCs [40]. 
However, the general principle is that both types of BC perform poorly on 
their own in terms of energy production [21]. Thus, various methodologies are 
applied to improve CT. The main physical barrier is the distance between the 
redox-active centers and the electrodes that must be ‘reduced’, ‘bridged’, or 
‘wired’. Redox-active centers refer to enzyme-active centers or sometimes 
membrane cytochromes where subsequential transducers receive their 
electrons. Mainly, two techniques are applied: physical attachment of the 
catalyst to the electrode or introduction of soluble CT capable materials. Often 
a combination of both is applied. 

1.2. Microorganism adhesion on biofuel cell electrode 

The adhesion of microorganisms to the electrode surface plays one of the 
key roles in the CT process and the generated power density [41]. For physical 
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attachment, various materials, including polymers, are used to modify the 
electrode surfaces. These materials have to be biocompatible, have a high 
surface to the area ratio for the biocatalyst to adhere to, and in the case of 
MFC, be susceptible to the robust microbial attachment. At the same time, the 
materials used for it should promote or at least do not interfere with charge 
transfer. 

The most utilized anode base material in MFCs is carbon‐based materials. 
They are highly conductive, chemically stable in most cases, and relatively 
inexpensive. On the other hand, they exhibit hydrophobic properties that 
interfere with the attachment of enzymes or microorganisms. To resolve this, 
various chemical or physical modifications are applied in order to enhance 
properties of interest [42].In most cases modifications boil down to balancing 
between features like: price, manufacturing, conductivity, biocompatibility, 
ability to adhere/attach enzymes/microorganisms and mechanical strength. 
Thus, the most popular electrode modification/ functionalization materials are 
carbon nano structures, metal oxides, semiconductor 
nanoparticles/nanocomposites, conducting polymers, and/or co-structures of 
all listed here. 

Carbon is an electrode building material that can be shaped into many 
functional structures. One of the more popular structures used in MFCs is 
carbon felt (CF). It is commonly used as a low-cost anode material as it has a 
large surface area and high porosity. As a carbon-based structure, it has good 
electrical conductivity [43, 44]. However, the less hydrophobic nature of the 
polymers does not work well with water-based electrolyte solutions, thus 
charge transfer is limited. Because of the felt structure, it is somewhat 
favorable for biofilms, but its hydrophobic nature slows down the initial 
biofilm formation. To address this, materials such as polyethylenimine are 
used. The abundance of amine groups, which pose a positive charge, allows 
the compounds to interact with the carbon anode material [26, 27]. Other 
adhesion-promoting materials are polyurethane (PU), polyaniline (PANI) [45-
47]. For example, PU is biocompatible [48] with living cells and has a porous 
structure; thus, it is relaible for biofilm formation. Few studies have shown 
that PU can also adsorb carbon nanotubes (CNT). PU with adsorbed CNTs 
and with bacterial/yeast biofilm can act as MFC for prolonged time [45, 49]. 

Techniques other than adsorption are also used for electrode modification. 
One example is layer-by-layer deposition. In one study, PANI/CNTs were 
deposited in multiple bilayers on an indium tin oxide electrode [46]. 
Performed MFC experiments with Shewanella loihica showed that 
modification improves the maximum power density in comparison to that with 
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the non-modified indium tin oxide electrode. PANI in this configuration not 
only improved CT, but also reduced CNT toxicity towards bacteria [46]. 

Redox-active polymers are also being applied for enhanced CT. 
Somewhat popular options are osmium polymers [50]. These polymers are 
used to the bind cells to electrode. Binding is usually achieved via in situ 
polymerization with living cells, and thus cells are entrapped into the polymer 
matrix. Namely, flexible osmium polymers (poly(1‐vinylimidazole)12‐[Os‐
(4,4′‐dimethyl‐2,2′‐bi‐pyridyl)2Cl2

](+/2+) and poly(vinylpyridine)‐[Os‐(N,N′‐
methylated‐2,2′‐iimidazole)3](2+/3+) are used [51]. Cells closely surrounded by 
polymers can release and/or transfer electricity to the polymer more easily. 
This type of entrapment also appears to have some biological compatibility, 
as stability tests showed that cells after 6 h retain 73% of the initial response. 

Simple techniques like entrapping cells in gel-like materials also were 
applied and reported. Carbon felt dipping into yeast cell alginate suspension 
was applied to coat the electrode with yeast cells by entrapping them into the 
alginate film. This ensures close cell proximity to the electrode, though it 
hinders cell mobility or exchangeability. As alginate is biological origin 
material, MFC had 44 days of stable performance [28]. 

Another somewhat popular approach is to modify carbon-based electrodes 
with nanostructures. For example, noble-metal and metal- based nanoparticles 
are often applied, as they tend to improve carbon-based anode conductivity 
electrocatalytic activity. In this way, the particles act as surface area enlargers 
and ‘bridges’ for electron transfer from enzymes or microorganisms. Unlike 
carbon materials, metal nanoparticles tend to suffer from corrosion or might 
be cytotoxic to cells [52, 53]. Though noble metal particles like gold (AuNPs) 
are considered biocompatible and suitable for electrochemical devices as they 
have high area/volume ratio and pose good electrical conductivity [54]. It was 
reported that the advanced biogenic gold nanoparticle composites ‘decorated’ 
by multiwall CNTs were used as an enhancer for MFC construction [55]. 
AuNPs were synthesized by Shewanella oneidensis bacteria, and thus AuNPs 
were fully biocompatible. 

In case of advanced nanotechnologies, researchers reported application of 
flower-shaped AuNP’s [56]. From a technological stand point carbon felt, 
which was functionalized with polyethyleneimine, was ‘decorated’ with gold 
nano flowers. These irregularly shaped structures were grown using surface-
bound seeds. The shape proved to be beneficial for adhesion and inhabitance. 
Flower-type AuNPs were able to bridge the external cellular wall of yeast cells 
and the surface of carbon fibers, leading to direct electron transfer by ‘local 
harvest’ of electrons and accumulation of charge on the CF electrode [27]. 
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Analogous systems were developed using manganese oxide-decorated iron 
oxide nanoflowers on the same carbon felt anode functionalized with 
polyethyleneimine. Metalic nanoflowers allowed the formation of yeast 
biofilms on carbon fibers, and an electrically efficient interface between the 
electrode and the biofilm was constructed. Enhanced adhesion of the biofilm 
was achieved using an anionic surfactant mediator, sodium 
dodecylbenzenesulfonate (SDBS). SDBS allowed nanostructures to stay 
firmly attached to the carbon felt. It was noted that external yeast cell 
polysaccharides reached around the individual FeMnNps on the electrode 
surface, creating strong electrochemical bridging effect [26]. 

A very different approach was applied in the work of Christwardana et al. 
[57]. Researchers used quorum-sensing molecules for the functionalization of 
MFC anode electrodes to improve biofilm adhesion/formation [58]. Quarum-
sensing molecules are signaling molecules responsible for extracellular 
communication between the same/similar-type microorganisms. Biofilm 
formation on the electrode ensures biological fit, close proximity to the 
electrode, and short travel path for electrons. In addition, this functionalization 
has been shown to promote faster biofilm formation and extracellular 
polysaccharide in the biofilm to enhance electrode transfer and thus increase 
the power density of MFC. 

Other microorganisms such as Scedosporium dehoogii, which are capable 
of forming biofilms and also metabolizing aromatic hydrocarbons, were used 
in the development of MFC. Toxic pharmaceutical compounds such as para-
aminophenol belong to the aromatic hydrocarbons class of compounds, and it 
is essential to treat them from wastewater. Therefore, using S. dehoogii, the 
researchers were able to form biofilms on CF electrodes electrodeposited with 
poly-Ni (II) tetrasulfonated phthalocyanine [59, 60]. The MFC showed the 
ability to produce energy through cleaning water from toxic compounds, 
though since wastewater contained only small amounts of aromatic 
compounds, an additional cellulose based carbon source was used to maintain 
the viability of the fungi biofilms, thus attaining high power density for a long 
period of time (200 h). 

As already mentioned, there have been numerous attempts to use carbon-
based nanoscaled allotropies. Carbon nanotubes are often used to modify the 
surface of the anode which acts as a direct electron transfer promoter [6]. The 
yeasts are somewhat tolerant to MWCNTs in low dosages (2 μg/mL). These 
small concentrations are enough to greatly enhance the generated power. The 
same article describes that power generation was increased 69 times over the 
control sample. 
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These are just a few examples of compounds or materials that are being 
used to modify electrodes in MFCs to promote charge transfer from 
microorganisms to electrodes. Other techniques will be described in the next 
section. 

1.3. Common charge transfer materials 

Redox-active microorganisms used in MFCs are particularly exploited as 
versatile ’biocatalysts’ suitable for the generation of bioelectricity [7, 61]. 
Many different organisms have been experimented with in the design of MFCs 
and depending on the need for the presence or absence of mediators to 
complete the redox reaction, two main types of MFCs have been reported: fuel 
cells based on mediated electron transfer and fuel cells with direct electron 
transfer [15]. Shewanella putrefaciens [16], Geobacter sulfurreducens, 
Geobacter metallicreducens [17], Aeromonas hydrophila [18], and 
Rhodoferax ferrireducens [19], are the most common bacteria used in direct 
electron transfer-based MFCs. They either pose special protein based 
molecules or can excrete natural mediator molecules. Some microorganisms 
like yeast cells have a physical barrier like a cell wall, which hinders charge 
transfer from the inner part of cell, to electrode. Classical method to improve 
MFC‘s performance is to establish charge transfer via cell wall and/or 
membrane of microorganism. The preferred way is to apply redox compounds, 
which are capable of assisting charge transfer. These molecules are commonly 
known as redox mediators and have been well investigated in numerous 
studies [6-10]. Redox mediators can be assigned into few groups: (i) 
hydrophilic and (ii) lipophilic mediators, (iii) nanoparticles of various origin 
[10, 11], and (iv) conducting and/or redox polymer‐based matrices [12-14]. 
Mediators usually are either non organic or organic compounds that have 
multiple oxidative stages and transition between them can be easily achieved. 
From electrochemical stand point, transition usually can be achieved with low 
electrical potentials (lower than 0.6 V). Common hydrophilic redox mediators 
are: methylene blue, riboflavin, thionine, and K3[Fe(CN)6]/K4[Fe(CN)6] [20-
24]. These hydrophilic mediators usually enhance MFC performance by 
interacting with cell transplasma membrane redox system and with MFC 
electrode [25]. The most common examples are various membrane-bound 
cytochromes [62]. Cytochromes generally possess a redox active center, a 
functional group, a coenzyme, or a whole cascade of them [63]. Usually, it is 
thought that hydrophilic mediators cannot pass through the membrane. Hence, 
here lipophilic mediators play their role in the charge transfer through the cell 
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membrane to directly interact with inner redox active metabolites like NAD 
or FAD. Most common organic mediators usually are benzoquinone or 
naphthoquinone derivatives. In more advanced applications specific 
hydrophilic and hydrophobic mediators are used in tandem to achieve better 
charge transfer [7, 12, 25], though the system becomes much more complex 
or is not cost effective for the application of biofuel cells. 

1.4. Cell modification for enhanced charge transfer 

Different microorganisms and living cells can be used in the development 
of BFCs, but electron transfer from microorganisms or cells to the electrode 
is very rarely observed; therefore, there is a challenge when these 
bioelectronic devices are designed [64-67]. The involvement of 
microorganism metabolic processes in the polymerization processes of 
conducting polymers is a very attractive strategy, which is useful during the 
modification of microorganisms [29, 68-70], because conducting polymers 
can improve electron transfer efficiency of microorganisms, which were 
modified in such way. It has been shown that stem cells [71, 72] and some 
microorganisms [12, 29] after the modification by CPs, retained viability, 
performed metabolic processes, and were applied for the generation of 
electrical current in biofuel cells. The formation of CPs within 
microorganisms is innovative and the application of such modified 
microorganisms in biofuel cells and biosensors is more progressive, because 
living cells remain biocatalytically active for a longer time [73] compared with 
the activity of polymer modified enzymes [9, 74]. For this reason, several 
types of mammalian cells [75], bacteria [76] fungi [69] and yeast [68] were 
engaged in the formation of various polymers, including conducting polymers. 

However, various types, shapes, or origin nanomaterials are often applied 
in MFCs. Most often, carbon-based nanomaterials or metallic nanoparticles 
are applied [6, 77, 78]. Modification involves preparation of suspension [79] 
or attachment of nanoparticles to the cell surface, thus the electrical pathway 
from cells to electrodes is achieved. In this way, cells are conjugated with 
nanoparticles rather than anchored to electrodes [30]. This type of cell 
modification methodologies can be considered as ‘traditional’. Recently, self‐
encapsulation of cells with polymers has emerged. In contrast to other 
methods, polymer matrices can be prepared in situ with cell culture or 
sometimes even produced by metabolic/chemical processes that are running 
inside of cells. Currently, the application of Ppy rises in the field [70]. The 
first study, which reports the bioassisted synthesis of Ppy, to our knowledge 
was published by our research group in 2016 [76]. It was reported that bacteria 
Streptomyces spp. were able to catalyze the formation of spherical Ppy 



16 
 

particles without any additional chemicals. Bacteria are able to secrete redox‐
enzymes (e.g., phenol‐oxidase) to extracellular media. These enzymes were 
able to initiate polymerization of different phenol‐based monomers such as 
pyrrole. Thus, it was demonstrated that phenol-oxidases could be exploited 
for the synthesis of polypyrrole. After 6 days of growth of Streptomyces spp., 
bacteria were able to create favorable conditions for the formation of hollow 
Ppy microspheres. Hollow microspheres where of 10-20 μm in size. The 
researchers discussed that the shape were influenced by organic compounds 
present in the growth medium. Later, it was reported that it is possible to coat 
yeast S. cerevisiae cells with Ppy [29, 30], and the techniques are described in 
this theses. In this case, yeast cells were used ‘to cycle’ the redox mediator 
[Fe(CN)6]3−/[Fe(CN)6]3− and therefore perform Ppy synthesis in situ, in a 
controlled manner (Fig. 1). 

 
Fig. 1. Schematic representation of Ppy synthesis in cell wall of yeast [29]; Redox 
enzymes, located in plasma membrane, perform the oxidation of [Fe(CN)6]4− into 
[Fe(CN)6]3− that induces the polymerization reaction of pyrrole. 

At a similar time, other researchers have shown that using iron nitride and 
iron (III) nitrate nonahydrate it was possible to form similar Ppy structures 
based on various bacteria: Shewanella oneidensis MR‐1, Escherichia coli, 
Ochrobacterium anthropic or Streptococcus thermophiles [31]. During the 
preparation, bacterial cells were soaked with iron (III) nitrite nonahydrate, 
which was located in the outer layers and further initiated the polymerization 
of pyrrole. The bacterial cells remain viable and that the coating procedure did 
not affect proliferation. Taking into account the electrical properties, the 
modification with the conducting polymer-Ppy has improved the power 
density by 14.1 times compared to the unmodified S. oneidensis 
(147.9 μW∙cm−2). A similar technique of self-encapsulation of 
microorganisms with Ppy also were performed and analyzed for MFC 
application using Aspergillus niger and Rhizoctania sp. [69, 70, 80]. For the 
evaluation of MFC, scanning electrochemical microscopy (SECM) was 
applied [12]. The study reported that during electrochemical probing on 
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immobilized modified cell culture the current output (Imax = 0.86 nA) was 
three times higher compared to (Imax = 0.30 nA) of the control group [12]. The 
results were determined by registering the surface approach curves. These 
experiments also showed how charge transfer efficiency, which is crucial for 
current generation in MFC, depends on several factors: (i) the distance 
between the SECM ultra-micro electrode and cells, and (ii) surface 
modification of the microorganism. The nominal current output when the 
ultra‐micro electrode was 20 μm apart from the test sample was 0.47 nA, 
which was 1.5 times higher than that of the control sample. 

White‐rot fungal strains belonging to Trametes spp. were also modified 
with Ppy [70]. Researchers pointed out that Ppy formation in fungal hyphae 
was achieved using laccase enzyme, which is produced and secreted in growth 
medium by Trametes spp. fungi. The polymerization of pyrrole in crude 
enzyme extract and in cell culture growth medium was observed. Bioassisted 
polymer synthesis at that time was very innovative [81] and, to our knowledge, 
it was one of the first studies to facilitate the practical application of enzyme-
assisted formation of conducting polymers [82-86], which later led to the 
formation of polymer-based coatings in cell culture [29, 68-70]. Therefore, it 
was shown that cells modified with conducting polymers have advanced 
electron transfer ability, which enables the use of these microorganisms in 
microbial biofuel cells (MFCs) [12] and biosensors [81, 86]. 

The most interesting application of living cell‐induced Ppy formation was 
demonstrated by modification/coating of mammalian cells by Ppy [87]. 
Researchers have applied the synthesis method, which is described in this 
thesis [29] (Fig. 1), and were able to produce Ppy using suspension of the 
leukemia cell line, K562 cells. They determined that the previously suggested 
pyrrole polymerization mechanism could be driven by cell exudate molecules, 
not by plasma membrane oxidoreductase systems, different from the 
mechanism, which is presented in Fig. 1. During pyrrole polymerization, they 
observed cancer cell death, providing another application of this pyrrole 
polymerization mechanism as ‘reverse pro drug’ systems, meaning that 
cytotoxic pyrrole after cell death tends to polymerize, resulting in a 
biocompatible conducting polymer–polypyrrole [88] that is black and 
therefore can also be used as an optical indicator of dead cells. Subsequently, 
the implementation of the FeCl3 compound with metal reduction-capable 
bacteria was reported: Cupriavidus metallidurans, Escherichia coli and 
Clostridium sporogenes, could initiate atom transfer radical polymerization 
(ATRP) of various monomers (poly (ethylene glycol methyl ether 
methacrylate); hydroxyethyl methacrylate; N‐hydroxyethyl acrylamide; 
2-acrylamido‐2‐methyl‐1‐propanesulfonic sodium; 2-(methacryloyloxy) 
ethyl dimethyl‐(3‐ sulfopropyl) ammonium hydroxide [89]. The researchers 
suggested an interesting approach to designing cell‐assisted polymerization. 
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The not-capable Fe (III) compound is reduced into Fe (II) in a controlled way, 
thus initiating the polymerization of monomers that are not toxic to cells, 
which are engaged in redox processes of Fe (II)/Fe (III). After ATRP 
polymerization, cells still maintain high viability. 

In addition to Ppy, some other polymers are also used for cell modification 
to increase their performance in designed MFC. In a similar fashion, S. 
xiamenensis was coated with polydopamine (PDA) [90]. Selected bacteria can 
adhere to PDA during their formation via oxidative polymerization under 
aerobic, slightly alkali (pH 8) conditions. Researchers reported that PDA-
modified bacteria S. xiamenensis cells were able to generate a power density, 
which was 6.1 times greater than that of electrodes based on nonmodified cells 
(74.7 mW∙m-2). The PDA additives were formed in 3 h, which is rather fast, 
and it also appears that bacteria modification just barely influences cell 
viability, which was reduced only reduced by 2–3%. Rather, popular bacteria 
for MFC design is Shewanella oneidensis MR‐1, which was also coated with 
PDA. In the study [91], Yu et al. report that it is possible to use cell‐assisted 
synthesis for the formation of conducting PDA or, using the same bacteria, to 
exploit biomineralization of FeS nanoparticles. The results show that different 
interfaces wire up cells at different levels, and thus their 
electrical/electrochemical properties are different. They also showed that by 
polysulfide reductase mineralized FeS nanoparticles interface the efficiency 
of MFC anodes increased to 3.2  W∙m-2, which was 14.5 times higher than that 
of anodes modified by native Shewanella oneidensis cells (0.2 W∙m-2), while 
for PDA‐coated anodes current density was of ~0.6 W∙m-2. 

An alternative method was demonstrated in some other research [92, 
93].Researchers were able to feed or internalize pre‐synthesized carbon dots 
(CD, carbon nanoparticles) into Shewanella oneidensis and Shewanella 
xiamenensis, accordingly [92, 93]. Both studies showed remarkable effects of 
carbon dots, because they are highly biocompatible. Furthermore, carbon dots 
can enhance metabolic activity, because levels of internal adenosine 
triphosphate (ATP) were significantly elevated. It was hypothesized that 
facilitated metabolism could also produce unwanted reactive oxygen species, 
but this was not the case. In addition, carbon dots form photoactive particles 
that promote the consumption of lactate together with current generation upon 
illumination. With Shewanella oneidensis MR‐1 maximum current density 
achieved was 1.23 A∙m-2 while the control was 0.19 A∙m-2. Meanwhile, the 
maximum power density of the MFC with carbon dots was 0.491 W∙m-2, 
which was by 6.46 times higher compared to that of the control based with the 
same not modified microorganisms (0.076 W∙m-2). Shewanella xiamenensis 
under illumination conditions and the sole lactate carbon source were able to 
reach a density of 329.4 μA∙cm-2, which was 4.8 times higher than that of the 
control electrode (68.1 μA∙cm-2). Osmium redox polymers are also applied in 
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the development of MFC [51, 94-97]. In the study [94], cells were trapped and 
connected to the electrode surface through [Osmium (2,2 ′ bipyridine) 
(polyvinylimidazole) 10Cl] Cl. The pre‐synthesized polymer was used as a 
comediator and as a conductive binding matrix for bacterial cells of 
Gluconobacter oxydans. Electrodes were designed via drop-coating 
methodology onto a glassy carbon paste electrode. Researchers achieved a 
maximum charge density of 15.079 mA∙cm-2 and an open circuit potential 
value of 176 mV. 

These are just a few examples of emerging technologies and 
methodologies to improve the performance of MFCs by introducing a 
modification agent into the cells themselves or by covering them. 
Summarizing these technologies, they can be classified as cell surface 
engineering, internalization, or artificial biofilm film formation (Fig. 2). The 
most promising cell modification technologies involve the formation of 
polymeric coatings and the internalization by living cells. Although there is 
clear evidence for this modification-based impact on charge transfer [12], 
there are still some drawbacks. As some modifications are quite complex, their 
application in ‘real-life’ MFCs could be troublesome. The main drawbacks 
revolve around the viability and proliferation, as newly formed cells in MFC 
should inherit or undergo the modification. Overall, modifications of the cell 
surface in conjunction with other methodologies listed in this thesis should 
yield synergetic effects on the output of electricity from MFCs. 
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Fig. 2. Schematic representation of cell modification principles. Cells can be modified 
using pre-synthesized compounds (I), assembled/ synthesized in situ with living cells 
are present (II), and in situ when cell assists/catalyzes the assembly of modification 
agent; (B) Schematic representation of modifying agent localization in MFC 
applications: (I) surface interactions such as adsorption, electrostatic interactions etc.; 
(II) modifying agent is either covalently bonded or forms interlacing and inseparable 
structures with cell walls or other similar structures; (III) when modifying agent forms 
aggregates from its matrix and cells; (IV) higher agglomerate organization onto 
surfaces; (V) internalization of the modification agent [98]. 
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2. METHODOLOGY 

2.1.1. Polypyrrole synthesis and kinetic studies 

The standard solutions used in this research consisted of 0.1 M phosphate 
buffered saline (PBS) of different pHs with 0.04 – 0.1 M [Fe(CN)6]3- and/or 
[Fe(CN)6]4-. The visual test of Ppy formation was performed at 0.04 M 
concentration of [Fe(CN)6]3- or [Fe(CN)6]4- with 0.5 M Py. The exact 
compositions of the solutions and the visual evaluation of polymerization are 
indicated in Table 1. The same conditions were used to prepare Ppy for 
experiments with FTIR and focused ion beam scanning electron microscope 
(FIB SEM). The reaction was carried out for 24 h with the reaction mixture 
mixed by an orbital shaker at 200 revolutions per minute at 30°C. The 
synthesized polymer was centrifuged and the supernatant (reaction mixture) 
was decanted. The sediments were washed multiple times using 1 ml of 
distilled water. Subsequently, the polymer was dried by heating it to 90 °C 
under a gentle stream of nitrogen gas. The dried samples were then analyzed 
with an infrared spectrometer. 

Table 1. Visual evaluation of Ppy formation (dark precipitant) in solutions 
with different compositions, performed at 0.04 M concentration of 
[Fe(CN)6]3- or [Fe(CN)6]4- with 0.5 M of pyrrole [30]. 

Sample 
Nr. 

Composition 
of samples 

  Description of Result 

 [Fe(CN)6]3− [Fe(CN)6]4- Pyrrole  
1 0.04 M - 0.5 M Ppy was formed instantly 
2 - 0.04 M 0.5 M Ppy distinctly appeared only after 

1-2 days 

 
The samples were prepared by mixing precalculated amounts of initial 

standard solutions directly prior to experiments. Reactions were performed in 
PBS solutions usually containing 0.5 mM [Fe(CN)6]3- or [Fe(CN)6]4- and a 
concentration of Py. Polymerization was studied at three different [Fe(CN)6]4- 
concentrations of 0.1, 0.5 and 1 mM and at two [Fe(CN)6]3- concentrations of 
0.1 and 0.5 mM, at pH 3.0, 5.0, 7.0 and 9.0. The kinetics of the reactions were 
evaluated by measuring the absorption at wavelengths of 420 nm and 460 nm, 
which are related to optical absorption of [Fe(CN)6]3- [99] (Fig. 4a) and Ppy 
[85] (Fig. 4b). The optical extinction molar coefficient for [Fe(CN)6]3- is 
1179 L/mol∙cm, determined experimentally, while other authors describe a 
slightly lower value of 1040 L/mol∙cm [100]. [Fe(CN)6]4- did not show any 
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significant absorption maximum in the visible light region (Fig. 4a). These 
measurements were performed under aerobic conditions with oxygen from the 
ambient atmosphere dissolved in the reaction mixture and under anaerobic 
conditions, when oxygen was removed by argon gas. For later experiments, 
oxygen was removed from the standard solutions by purging with argon gas 
for 20 min, after which the solutions were tightly sealed for later use. The 
cuvettes were also filled with argon and then sealed. To ensure oxygen-free 
reactions, cuvette filling was performed under a gentle argon gas stream and 
sealed with a cuvette cap. All measurements were made at least 3 times. The 
curves represented in the graphs are the average values of repeated 
measurements. 

Samples for FIB SEM analysis after synthesis were collected by filtering 
through Milipore polycarbonate filters (pore size 0.22 µm) and lyophilized 
prior to analysis. For FIB SEM images, Ppy samples were suspended in 
methanol and suspension was transferred to microscopic glass. Samples were 
coated with a thin chrome layer prior to visualization. 

2.1.2. Synthesis and characterization of polydopamine 

The synthesis of an electrically conducting polymer, polydopamine 
(PDA), was conducted at varying buffer pH. Small PDA particles were 
synthesized by dissolving different concentrations of dopamine hydrochloride 
(13 mM and 26 mM) in a 50 mM TRIS buffer solution [101]. Buffer solutions 
with different pH ranged from 5.0 to 8.5, were used. Test tubes with 1.5 ml of 
reaction mixture were kept at 30 °C for 16 h. After this, the samples were 
centrifuged and only the supernatant was taken from each of the samples. The 
absorption of the supernatant was measured on a spectrophotometer at 
wavelengths ranging from 350 to 700 nm. 

2.2.1. Cell preparation and modification with polypyrrole 

The modification procedure has previously been described in detail [29]. 
In summary, yeast cells Saccharomyces cerevisiae (Y00000; BY4741 Matα 
his3∆1 leu2∆0 met15∆0 ura3∆0) (Euroscarf, Germany) were aerobically 
overnight (for 20 24 h, 30 °C, YPD media: 1 % yeast extract, 2 % peptone and 
2 % glucose), harvested then washed with neutral (pH 7.0) 0.1 M phosphate 
buffer saline (PBS). Cells were then incubated with shaking for 22 - 24 h in 
the same PBS buffer containing 0.2 M of glucose and different concentrations 
of K4[Fe(CN)6] (0.02 - 0.08 M) plus different concentrations of the pyrrole 
monomer (0.01 - 0.5 M). The harvested yeast cells and Ppy were washed from 
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the reaction mixture, and the resultant biocomposites were used in further 
experiments. Furthermore, in the isotope labeling mixtures both non-labeled 
pyrrole and pyrrole labeled with 15N (400 - 4000 ‰) were used for 
polymerization. For the pyrrole adhesion experiment, cells were incubated as 
previously described, with the exception that the K4[Fe(CN)6] was not 
included. It is referred to as ‘not modified’, ‘intact’, or “control yeast cells” to 
indicate cells, which were incubated under the same conditions except that the 
pyrrole monomer was absent. For ease of navigation, abbreviations for cell 
modification will be used. A detailed description of the abbreviations is given 
in Table 2. 

2.2.2. Cell modification with polydopamine 

Three different 10 mL samples containing 100 mg of yeast cells were 
prepared in 0.05 M TRIS, pH 5.0 buffer. Subsequently, dopamine chloride 
salt was added to each sample to reach a final concentration of 0.013 M and 
0.025 M. The samples were incubated for 1 h at 30 oC with a constant shaking 
at 250 rmp. Then 6.5 mL of 0.05 M TRIS, pH 8.5, buffer was added to change 
the pH of the sample to weak alkaline, pH 7.5, and incubated for another hour. 
Subsequently, the three samples were centrifuged and washed with 0.1 M 
PBS, pH 7.0 two times. All samples were suspended in 25 mL of 0.1 M PBS, 
pH 7.0, containing 0.005 M K4[Fe(CN)6]. 
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Table 2. Yeast modification with polypyrrole abbreviations. Adapted from 
[102]. 

Abbreviation Explanation 
Y@Ppy-ctr Yeast cell control sample. It was prepared by incubating 22-24 h 

in 0.1 M PBS, pH 7.0, containing 5 mM K4[Fe(CN)6], and 0.2 M 
glucose. 

Y@Ppy-X Ppy modified yeast cells. Sample prepared by incubating 22-24 h 
in 0.1 M PBS, pH 7.0, containing 5 mM K4[Fe(CN)6], 0.2 mM 
glucose and Py. Subsequently, cells were washed from reaction 
buffer. X stands for used pyrrole monomer concentration, 
typically 0.1, 0.3 or 0.5 M. 

Y@15Ppy-X Ppy-modified yeast cell. Sample prepared by incubation 22-24 h 
in 0.1 M PBS, pH 7.0, containing 5 mM K4[Fe(CN)6], 0.2 mM 
glucose and 15N labeled Py. Subsequently, cells were washed 
from reaction buffer. X stands for used pyrrole monomer 
concentration, typically 0.1, 0.3 or 0.5 M. 

Y@PDA-ctr Yeast cell control sample. It was prepared by incubating 1 h in 
0.05 M TRIS pH 5.0, containing 200 mM glucose and 13 mM, 
then the pH changed to pH 7.5 and incubated 1 h more. 
Subsequently, cells were washed from reaction buffer. 

Y@PDA-X PDA-modified yeast cells. The sample prepared by incubating 
them for 1 h in 0.05 M TRIS pH 5.0, containing 200 mM glucose 
and dopamine, then the pH changed to pH 7.5 and incubated for 
1 h more. Subsequently, cells were washed from reaction buffer. 
X – stands for the concentration of the dopamine monomer used, 
typically 13 or 26 mM. 

*Unless noted otherwise 

2.2.3. Atomic force microscope imaging and force measurements  

Custom-made silicon wafers of various size (4 – 12 µm), etched with 
square pyramid-shaped holes, were used for the immobilization of yeast cells. 
Silicon wafers were manufactured using photoelectrochemical etching 
principles (Kaunas Technology University, Mechatronics Center, Panevezys, 
Lithuania). Before immobilization, silicon plates were sequentially cleaned by 
treating them with a ‘piranha’ solution (H2SO4:H2O2, ratio 3:1, for 15 min), 
then rinsed with deionized water (DI) and stored in 96 % ethanol. The plates 
were dried at room temperature and then covered with a layer of polyl-lysine 
by spreading a solution of polyllysine (0.01 % w/v) over them and leaving it 
to polymerize for 10 - 15 min. Excess unpolymerized poly-l-lysine was 
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removed with a copious amount of DI water. Before immobilization, washed 
cells were collected from the suspension of PBS and resuspended in DI water. 
A small volume of cell suspension was spread on silicon plates and allowed 
to dry for 15 min. The plates were then washed with DI water to remove 
excess cells. The atomic force microscope BioScope Catalyst II (Bruker, 
USA) was applied for the imaging and elasticity measurements of the yeast 
cell wall. In fluid, contact mode with a conventional silicon nitride tip 
(resonant frequency – 18 kHz, spring constant ∼0.07 N/m, Bruker, Germany) 
was applied for surface visualization of Ppy-modified and unmodified yeast 
cells. The accurate spring constant of the cantilever was determined by the 
thermal fluctuation method, using the thermal tuning mode, which allowed 
analysis of thermal noise. Visualization and force curve measurements were 
performed in phosphate buffer, pH 7.0. Before and after the stiffness 
measurement, the topographical map of immobilized cells was produced in 
order to validate that cells were located in the silicon holes. Cell stiffness 
evaluation force (F) measurements were made using AFM. Four different 
types of Y@Ppy samples were analyzed: Y@Ppy-ctr, Y@Ppy-0.1, 
Y@Ppy-0.3, Y@Ppy-0.5. For each type of sample, between 8 and 10 cells 
were evaluated. Prior to cell analysis, normalization was achieved by 
measuring F by AFM on the solid surface of the same silica wafer but next to 
the immobilized yeast cell. During the analysis of a single yeast cell at least 5 
indentation measurements were performed in the middle of the cell by the 
production of AFM based deflection-distance curves. Only cells inserted 
within holes of 6 × 6 µm in size were evaluated. For data processing and 
calculation of Young’s modulus, the Hertz-Sneddon model (Equation (1)) was 
applied [21]. Raw data were recalculated to force indentation curves and 
linearized by applying a root function, which allowed for the discrimination 
of small from deep indentation. Then it was fitted twice to the rooted Hertz-
Sneddon stiffness modulus (Equation (2)). The fitting was performed on 
individual curves in two separate regions and Young’s modulus (E) was 
calculated for small and deep indentations (δ). The Young modulus values 
were then used to describe different treatments. 

𝐹
 ∝

ʋ
∙ 𝛿                                                                                            (1) 

Young’s modulus E was evaluated after transformation of Eqs. (1) into (2): 

√𝐹 = 
 ∝

ʋ
∙ 𝛿                                                                                       (2) 

where Poisson ratio ʋ = 0.5; α stands for the tip corner angle of the AFM 
probes, in our example α = 45°. 
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2.2.4. Isotope ratio mass spectrometry and isotope mixing model 

Detailed methods of isotope ratio mass spectrometry have been previously 
described [103]. In summary, nitrogen isotope ratios in biocomposites were 
measured using a Flash EA1112 elemental analyzer (EA) coupled to an 
isotope ratio mass spectrometer (IRMS, Thermo delta plus advantage) via a 
ConFlo III interface (Thermo Electron GmbH, Germany). Yeast cells were 
freeze dried, before being weighed into tin-based capsules and combusted in 
the elemental analyzer in the presence of excess oxygen; Helium (grade 5.0) 
was used as the carrier gas. The gases, produced by combustion, passed 
sequentially through an oxidation column comprising CrO3 granules at 
1020oC, a copper wire reduction column at 650oC, then a magnesium 
perchlorate water trap. The resulting N2 and CO2 were separated by the 
chromatography column in the EA and transferred to the ConFlo III interface. 
This interface allowed the introduction of CO2 and N2 calibration gases from 
laboratory cylinders into the IRMS. The measured stable carbon and nitrogen 
isotope ratios are reported in the VPDB scale and in the air-N2 scale, 
respectively. The reference material caffeine IAEA 600, δ13C=-27.771‰VPDB, 

δ15N=1 ‰air N2 [104] was used for the calibration of the laboratory N2 and CO2 
cylinder. 

If the isotope ratios of the starting substrates are known, isotope ratio mass 
spectrometry allows determination of the amount of ‘substrate’ material in the 
reaction product [105]. In order to determine the amounts of polymer mass 
and biomass, an isotope mixing model was applied. When the isotopic 
composition of the initial substrates polypyrrole and yeast cells (respectively: 
δPPy and the δY) and isotopic composition of the composite material (δsample) 
are known, it can be expressed as follows: 

𝛿 𝛿 ∗ 𝑓 𝛿 ∗ 𝑓                                                               (3) 

Also, 

𝑓 𝑓 1                                                                                                    (4) 

where f1 and f2 are the fractions of polypyrrole and yeast cells in the sample, 
respectively. Combining Equations 3 and 4 gives: 

𝑓 𝛿 𝛿 / 𝛿 𝛿                                                                  (5) 

𝑓 1 𝑓                                                                                                       (6) 
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The δ notation is used in isotope ratio mass spectrometry to describe the 
sample isotope ratio compared to an internationally accepted isotope standard 
and is expressed in parts per million. In the case of nitrogen isotopes, it would 
be: 

𝛿 𝑁 1 ∗ 1000                                                                    (7) 

where Rsample is the isotope ratio in the sample and Rstandard is the isotope ratio 
according to the international standard (defined by the IEAE). 

2.2.5. Determination of polypyrrole localization in the cell wall 

To determine the location of the Ppy location in yeast cells, two approaches 
were used, followed by bright-field and fluorescence light microscopy. First, 
Ppy-modified and unmodified cells were stained with fluorescently labeled 
concanavalin A, a cell wall-specific protein. To stain cells with fluorescent 
label, yeast, after the modification procedure described above, were washed 
twice with TRIS buffer (0.05 M TRIS; 0.15 M NaCl; 0.004 M CaCl2; pH 7.2) 
and collected by centrifugation. Staining was performed using the simplified 
methodology described in the Saccharomyces cerevisiae Morphological 
Database (http://scmd.gi.k.u-tokyo.ac.jp). Labeled concanavalin A was 
diluted with TRIS buffer prior to use to a final concentration of 100 mg/ml. 
Approximately 106 yeast cells were then incubated in 1 ml of diluted stain for 
15 min at room temperature. The stained cells were washed with the same 
buffer three times and collected by centrifugation. Cells were then fixed to 
microscope slides by drying and inspected with a fluorescence microscope. 
Digestion experiments were performed with the lyticase enzyme using 
isotopically labeled pyrrole. Samples Y@15Ppy-ctr and Y@15Ppy-0.5 were 
prepared. After modification, cells were pelleted, twice washed, and 
suspended in lyticase-specific buffer. The lyticase buffer contained 1.2 M 
sorbitol, 0.5 mM MgCl2 and 35 mM K2HPO4, adjusted to pH 6.0 [106]. The 
suspension volume was adjusted according to the initial cell optical density, 
set to approximately 1.5 arbitrary units. A further, 25 µg /ml of lyticase was 
added to each cell sample, which was then incubated at 30 °C for 2 hours. To 
prove that the lyticase enzyme was active, the optical density of the control 
sample suspension was also measured. The optical density was measured at 
600 nm before and after the incubation cycle. After digestion, the samples 
were inspected with a bright-field optical microscope and analyzed by IRMS. 
Before IRMS measurement, Ppy-modified cells were centrifuged to separate 
cells from digested cell wall debris, which could contain isotopically labeled 
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Ppy*. Centrifugation was initially performed using a small relative centrifugal 
force (RCF), and then after a pellet from the supernatant was separated, the 
supernatant was centrifuged at a higher RCF. Thus, performing short 
centrifugations (2 min) at 400, 800, 2000, 6000 and 12000 RCF allowed to 
separate fractions of cells, which were relatively large and sedimented faster 
than smaller debris particles. The cell and debris particle fractions were 
analyzed by IRMS. 

2.3.1. Chronoamperometric evaluation of modified yeast cells in a 
flow-through system 

After modification, Y@PDA or Y@Ppy were subjected to a flow-through 
system. Each sample was passed through an electrochemical cell where a 
0.4 V potential was applied for the working electrode and the correspondingly 
generated electric current was measured with a sampling rate of 300 ms. To 
register the current value at steady state, first, the current was recorded for 
5 min without solution flow to reach steady state of background current. Then 
the solution flow was turned on at a flow rate of 35 mL/min. After 5 min 
glucose solution was added to the samples to achieve a final concentration of 
200 mM (in 0.1 M PBS, pH 7.0, supplemented with 5 mM K4[Fe(CN)6]) and 
measurements were continued for another 10 min. The samples were 
subjected to a three-electrode cell: platinum wire was used as the working 
electrode, stainless steel tube was used as the auxiliary electrode, and 
Ag/AgCl reference electrode filled with 3 M KCl was used as the reference 
electrode. 

2.3.2. Evaluation of power generation by yeast cells modified with 
PDA and Ppy 

A two-electrode-based electrochemical cell with two separate containers 
and a bridge was used to evaluate Y@PDA and Y@Ppy performance. A 
graphite electrode was used as a working electrode and was immersed in a 
container with 25 mL of Y@PDA or Y@Ppy samples that were constantly 
stirred (at 100 rpm) to prevent cell sedimentation. A copper electrode was used 
as an auxiliary electrode and it was immersed in a 1 M CuSO4 solution. The 
two reservoirs were connected with a salt bridge filled with a 1 M KCl solution 
and covered by semipermeable membranes (200 µL 40 % acrylamide, 2 µL 
ammonia persulfate, 0.5 µL, and TEMED). During potential measurements, 
external resistors (of 10 Ω, 100 Ω, 220 Ω, 330 Ω, 1 kΩ, 2 kΩ, 5.1 kΩ, 10 kΩ, 
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100 kΩ, 1 MΩ) were connected in parallel to the electrical circuit to mimic 
the load and to assess the power density of the Y@PDA and Y@Ppy samples. 

The electric power formula was obtained from Ohm’s law (8). Where P is 
power in watts (W), V is voltage in volts (V), and R is the resistance in ohms 
(Ω). The power density was calculated by dividing electric power per exposed 
working electrode surface, measured in square meters (m2). 

P                                                                                                              (8) 
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3. RESULTS 

3.1. Initial discovery. Principle of [Fe(CN)6]4-/[Fe(CN)6]3- initiated 
formation of polypyrrole 

Upon witnessing the polymerization of the pyrrole phenomenon in the 
presence of a yeast cell in an electrochemical cell that had [Fe(CN)6]4-

/[Fe(CN)6]3- mediator system, investigation began to rout out its cause. In the 
first part of this investigation, the formation of Ppy was evaluated under 
different combinations of initial compounds (Table 3)(Fig. 3). 

Table 3. Evaluation of Ppy formation in solutions of different compositions. 
Each added substance is indicated in grey, while absent substances are 
indicated by dashes (-) in white cells. The concentrations of added substances 
are listed in the table [29]. 

Nr. Composition 
of samples 

    Indication of Ppy 
formation 

 [Fe(CN)6]3− [Fe(CN)6]4- Pyrrole Yeast 
cells 

Glucose  

1 0.04 M - 0.5 M - - + (Instant) 
2 - 0.04 M 0.5 M - - − (very slow) 
3 - - 0.5 M + - − (after 24 h) 
4 - - 0.5 M - 0.04 M − (after 24 h) 
5 - - 0.5 M + 0.04 M − (after 24 h) 
6 0.04 M - 0.5 M + 0.04 M + (Instant, Fig. 3d) 
7 - 0.04 M 0.5 M + 0.04 M + (Fig. 3e) 
8 0.04 M - 0.5 M + - + (Instant) 
9 - 0.04 M 0.5 M + - − (very slow) 
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Fig. 3. Evaluation based on optical microscopy of Ppy formation. (a) Control sample 
based on yeast cells, which was incubated in PBS buffer with 0.2 M glucose but 
without [Fe(CN)6]3-or [Fe(CN)6]4- and Py. (b) not modified yeast cells, which were 
consequently immobilized, incubated in PBS, and dried. (c) Ppy particle 
agglomerates, which were formed from 0.5 M Py and 0.04 M of [Fe(CN)6]3- in the 
absence of yeast cells; (d) Immobilized yeast cells, which were incubated in cell 
growth media with 0.5 M of Py, 0.2 M glucose and 0.04 M of [Fe(CN)6]3-; (e) 
immobilized yeast cells, which were incubated in the cell growth media with 0.5 M 
of Py, 0.2 M of glucose and 0.04 M of [Fe(CN)6]4-; (f) immobilized yeast cells, which 
were incubated in the cell growth media with 0.5 M of Py, 0.2 M of glucose and 
0.04 M of [Fe(CN)6]4- and then dried [29]. 

In several reaction mixtures, various results were inspected. In images 
(Fig. 3a–c) represent control/reference samples: native yeast cells (Fig. 3a); 
the same cells immobilized using poly-L-lysine and glutaraldehyde on glass 
microscope slides, then dried (Fig. 3b). As is seen from Fig. 2b, after drying, 
the cells became wrinkled as they lose water. In Fig. 3c and polypyrrole 
particle agglomerates are shown. They were synthesized from 0.5 M Py and 
0.04 M [Fe(CN)6]3− (Fig. 3c). From Fig. 3d it can be observed that the yeast 
cells, which were incubated in the reaction mixture containing [Fe(CN)6]3, 
glucose, and Py, were surrounded by dark Ppy particles, which are distributed 
mainly in the space between the cells. The Ppy-based structures had the same 
pattern as that observed in the control measurement, which is represented in 
Fig. 3c. These structures were formed because [Fe(CN)6]3- acted as an 
oxidator and induced fast Py polymerization, which was followed by the 
formation of Ppy-based particles of different sizes and shapes and thus 
entrapping/incorporating cells during polymerization. In contrast, if yeast 
cells were incubated in the solution containing [Fe(CN)6]4-, Py and glucose, 

20 µm 20 µm 40 µm 

20 µm 20 µm 20 µm 
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then a dark ‘envelope’ is formed from Ppy within the cell wall or periplasm 
(Fig. 3e and f). But in this case no other Ppy structures were formed, neither 
within nor outside the cells, and no separated particles or structures were 
observed within the yeast cell wall (Figs. 3e and f). In other words, the sample 
took dark Ppy color, though no visible Ppy micro particles are present only 
darkened cell wall. In such a case, the Ppy-based ‘envelope’ became even 
more distinctly visible when yeast cells were immobilized on substrates and 
dried (Fig. 3f). During the drying process, the cells with the Ppy ‘envelope’ 
did not shrink or wrinkle like the control sample (Fig. 3b). This leads to an 
early belief that Ppy reinforces the cell wall, as cells can retain shape after 
drying. For this reason, it was assumed that Ppy synthesis of Ppy was the most 
intensive within the periplasm and/or the cell wall. Early experiments also 
raised the hypothesis that in the reaction mixture there are two oxygen users: 
yeast and [Fe(CN)6]4- and that yeast are the dominant one. Thus, this leads to 
the second hypothesis that [Fe(CN)6]4- oxidation occurs in close proximity to 
yeast cells. 

Further, experimental data is presented. Data are divided into a few main 
sections describing “evolution of scientific thought’ on the yeast-polymer 
compound based on experiments performed. These major sections can be 
divided into: Ppy and PDA particle formation and its particle characterization; 
yeast-Ppy composite characterization; yeast composite application. 

3.2. Spectrophotometric evaluation of Ppy formation initiated by 
[Fe(CN)6]3- and formed particle characterization 

3.2.1. Basis for an optical Ppy evaluation 

The formation of Ppy initiated by [Fe(CN)6]3 was evaluated by UV-Vis 
spectrophotometry. Polymerization experiments were started by adding Py to 
a reaction buffer containing [Fe(CN)6]3- or [Fe(CN)6]4-. Measurements were 
made at wavelength ranges where selected compounds showed almost 
independent optical absorption. The spectra of [Fe(CN)6]3-, [Fe(CN)6]4-, and 
Ppy, which was formed using [Fe(CN)6]3-, were measured in the range 
between 300 and 900 nm (Fig. 4). [Fe(CN)6]3- has an absorption maximum at 
420 nm (Fig. 4a). [Fe(CN)6]4- does not show any distinct absorption maximum 
in the visible light region (Fig. 4a). A poorly expressed optical absorption 
maximum of Ppy was recorded at 460 nm (Fig. 4b), which is consistent with 
data reported in other investigations [85, 107]. As described in the literature 
this is a typical double bond absorption, which is measurable when delocalized 
electrons are transferred from bonding orbitals to non-bonding orbitals (π-π*), 
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though this type of absorption is only characteristic of relatively short chains 
or small particles of Ppy [107]. Ppy spectra were recorded in different samples 
with varying concentrations of initial materials to evaluate whether the 
absorption maximum of Ppy remained at a constant wavelength. The results 
show that the absorption maximum is constant and does not shift sideways. In 
all of these reactions, no additional chemicals were used, which can affect the 
size of Ppy particles. 

 
Fig. 4. (a) Optical absorbance spectra of 0.02 M of [Fe(CN)6]3- and 0.02 M of 
[Fe(CN)6]4-. The vertical line indicates the absorption maximum at 420 nm; (b) 
Optical absorbance spectra of Ppy synthesized under different conditions: (1) 
polymerization solution containing 0.5 M of Py and 0.04 M of [Fe(CN)6]3-, spectrum 
was registered after 24 h from the initialization of the polymerization reaction, (2) 
supernatant collected after 24 h of polymerization followed by centrifugation at 
12,000 g for 10 min, (3) 0.375 M of Py and 0.1 M of the [Fe(CN)6]3- spectrum 
registered after 24 h of polymerization, (4) 1.5 M of Py and 0.25 M of the [Fe(CN)6]3- 
spectrum registered after 24 h of polymerization. All spectra were recorded in a 0.1 M 
PBS, pH 7.0. The vertical line indicates a poorly expressed absorption maximum at 
460 nm [30]. 

Further changes of spectra during the course of polymerization initiated 
by [Fe(CN)6]3- were inspected. Polymerization was carried out in 0.1 M PBS, 
pH 7.0, with 0.5 mM [Fe(CN)6]3- and 0.5 M Py. Absorption spectra were 
registered at chosen time intervals (Fig. 5a). In this experiment, the optical 
absorption at λ = 420 nm has decreased, indicating that [Fe(CN)6]3- is 
involved in the reaction with Py monomers and is reduced by Py. The origin 
of optical absorbance increases in the range from 450 to 700 nm, which is 
probably related to the interconnection of shorter Ppy polymer chains. Such 
prolongation of conjugated double-bond systems induces a bathochromic 
absorption shift. In this particular experiment, the polymerization reaction 
initiated with 0.5 mM [Fe(CN)6]3- was relatively slow. In Fig. 5a an isosbestic 
point was observed at λ = 450 nm. This indicates that during a time frame that 
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lasts up to 2 h from the initialization of the polymerization reaction, the spectra 
of [Fe(CN)6]3- and Ppy are still not overlaying each other. This allows for 
spectrophotometric measurement of both [Fe(CN)6]3- and Ppy independently. 

 
Fig. 5. (a) Change in the absorption spectra of a sample containing 0.5 mM 
[Fe(CN)6]3- and 0.5 M Py at different incubation periods; (b) evolution of absorption 
at 420 nm versus incubation time in a solution consisting of 0.5 M of Py with 0.5 mM 
of [Fe(CN)6]3- or 0.5 mM of [Fe(CN)6]4- at pH 7.0, under aerobic and anaerobic 
conditions. Linear regression from t = 20 min was observed with R2 = 0.9933; 0 min*, 
spectra registered before the addition of Py to the reaction mixture [30]. 

Similar experiments were performed measuring optical absorption at 
λ = 420 nm while the reaction was performed under aerobic and anaerobic 
conditions. In these experiments, the reduction of [Fe(CN)6]3- by Py to 
[Fe(CN)6]4- was observed. In Fig. 5b, curves indicate [Fe(CN)6]3- 
concentration changing over time under aerobic and anaerobic conditions are 
presented. In a reaction mixture that contained 0.5 M of Py and 0.5 mM of 
[Fe(CN)6]3- under aerobic conditions the process reaches equilibrium during 
the 35th minute after the initialization of the polymerization reaction. The 
formed [Fe(CN)6]4- is reoxidized back into [Fe(CN)6]3- by oxygen dissolved 
in the solution, and the concentration of [Fe(CN)6]3- remains constant after this 
point. The concentration of dissolved oxygen in a reaction mixture of 0.1 M 
PBS, pH 7.0, at 25 °C is ~250 µM [108, 109]. Alternatively, under anaerobic 
conditions [Fe(CN)6]3- reacts slowly with Py and the concentration of 
[Fe(CN)6]3- steadily decreases. The decrease in [Fe(CN)6]3- concentration 
from the 20th minute after the initialization of the polymerization reaction can 
be approximated using a linear function with a regression coefficient 
R2 > 0.99. This suggests that during polymerization, the formed [Fe(CN)6]4- is 
not oxidized back into [Fe(CN)6]3-. From this graph it is possible to determine 
that under anaerobic conditions with an excess of Py, the polymerization 
reaction ends when all [Fe(CN)6]3- is consumed or has reached its lowest 
thermodynamically favorable concentration. Under aerobic conditions, the 
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cycling of oxidation and reduction reactions takes place, which only stops 
when all Py is polymerized into polypyrrole. In both reactions, Ppy formation 
was observed; however, this is not represented in figures. Under anaerobic 
conditions, the reaction between [Fe(CN)6]4- and Py was also inspected and 
no transition or oxidation was observed from [Fe(CN)6]4- to [Fe(CN)6]3- or the 
formation of Ppy was observed (Fig. 5b). Constant oxidation of [Fe(CN)6]4- to 
[Fe(CN)6]3- under aerobic conditions without Py, was observed, although the 
data are not presented. The experiment described here proves that the 
reoxidation step of [Fe(CN)6]4- is essential in order to produce Ppy efficiently 
at relatively low initial concentrations of [Fe(CN)6]3-. This shows that 
[Fe(CN)6]3-/[Fe(CN)6]4- is reusable in the initiation of Ppy polymerization 
reactions. Few studies have shown that iron compounds such as FeCl3 and 
Fe2O3 can be regenerated and reused in the synthesis of Ppy and polyaniline 
when they are coupled with an oxidation cycle by oxygen [110, 111]. 

3.2.2. Influence of oxygen an d pH on polymerization kinetics 

As shown above, the reoxidation of [Fe(CN)6]4- into [Fe(CN)6]3- has been 
carried out by oxygen dissolved in PBS under standard conditions. In order to 
control this process, it is important to find conditions where the influence of 
dissolved oxygen on the reaction is the lowest or has no impact at all. In Fig. 6 
graphs represent both the variation rate of [Fe(CN)6]3- concentration and the 
rate of Ppy formation at different pH values measured at 420 and 460 nm. 
Measurements were performed in a 0.1 M PBS at different pHs. 0.5 M Py was 
present in all these reaction mixtures and 0.5 mM [Fe(CN)6]3- or 0.5 mM of 
[Fe(CN)6]4- were added to the polymerization solution. At different pH values, 
polymerization of Ppy using [Fe(CN)6]3- according to reaction Equation (9). 

Py + [Fe(CN)6]3- → Ppy + [Fe(CN)6]4- (9) 

In this polymerization reaction (Equation (9)), the rate of [Fe(CN)6]3- 
concentration change over time was evaluated and is represented in Fig. 6a. 
The Ppy formation rate was evaluated and is represented in Fig. 6c. The other 
two graphs represent the kinetic parameters of the subsequent cascade of 
reactions (Equation (10)): 

[Fe(CN)6]4-  [Fe(CN)6]3-  Ppy + [Fe(CN)6]4- (10) 

Fig. 6b represents the rate of change in the concentration of [Fe(CN)6]3- 
concentration and Fig. 6d addresses the formation rate of Ppy. In Fig. 6b the 
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represented rates correspond to changes of the overall concentration of 
[Fe(CN)6]3-. During the experiment, a constant increase in [Fe(CN)6]3- 
concentration was observed, illustrating that the oxidation of [Fe(CN)6]4- to 
[Fe(CN)6]3- is faster than the reduction of [Fe(CN)6]3- by Ppy. In Fig. 6a, the 
concentration decrease rates of [Fe(CN)6]3- concentration decrease 
(v = 1.75 × 10-7 molꞏs-1 and v = 4.74 × 10-7 molꞏs-1) indicate that the reaction 
is faster under neutral pH (pH 7.0) and under basic conditions (pH 9.0). In 
Fig. 6b the formation of [Fe(CN)6]3- from [Fe(CN)6]4- due to oxidation by 
dissolved ambient oxygen is represented. The slowest oxidation of [Fe(CN)6]4- 
into [Fe(CN)6]3- occurs at pH 7.0 with a reaction rate of v = 3.10 × 10-9 molꞏs-1. 
This process is approximately two orders of magnitude slower than that 
described above. Figures 6c and 6d represent the Ppy formation rates in the 
presence of [Fe(CN)6]3- and [Fe(CN)6]4- respectively. In both cases, the 
polypyrrole particles form the slowest at pH 7.0. In the presence of 0.5 mM 
[Fe(CN)6]3- the reaction rate was v = 2.24 × 10-6 DAꞏs-1, and in the presence 
of 0.5 mM [Fe(CN)6]4- it was equal to v = 9.35 × 10-7 DAꞏs-1. From these 
results it can be estimated that if [Fe(CN)6]4- is in the same reaction mixture 
with Py under aerobic conditions and at pH 7.0 then the oxidation process 
(Equation (10)) is the rate-determining step for the entire polymerization 
process. Consequently, the variation of pH can be exploited to control the 
reaction kinetics. 
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Fig. 6. Reaction rates at different pH values: (a) the [Fe(CN)6]3- concentration 
decrease rate was measured at 420 nm in the presence of [Fe(CN)6]3- and Py due to 
the formation of Ppy; (b) the [Fe(CN)6]3- concentration increase rate due to the re-
oxidation of [Fe(CN)6]4- by dissolved oxygen was measured at λ = 420 nm; (c) Ppy 
polymerization rate in the presence of [Fe(CN)6]3- measured at λ = 460 nm; (d) Ppy 
polymerization rate in the presence of [Fe(CN)6]4- at 460 nm. In all samples 0.5 M Py 
and 0.5 mM of [Fe(CN)6]3- or 0.5 mM [Fe(CN)6]4- were used. All reactions were 
performed under aerobic conditions. Error bars indicate standard deviation of the 
calculated reaction rate [30]. 

3.2.3. Polypyrrole doping in acidic medium and characterization of 
aggregates 

Polypyrrole powders prepared at different pH values were analyzed by 
FTIR. All Ppy samples were synthesized using K3[Fe(CN)6] in PBS at pH 
values of 3.0, 5.0, 7.0 and 9.0. FTIR spectra (Fig. 7) showed main 
characteristics peaks at 774, 1039, 1183, 1563, and 1690 cm-1 and a broad 
band at ~3100–3500 cm-1. These peaks were observed in all samples. A 
variable peak at 2071 cm-1 was observed in Ppy, which was formed in an 
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acidic polymerization solution. The main FTIR characteristic peaks agree well 
with those presented by other researchers [112]. The bands at 774 cm-1 and 
1684 cm-1, which are ascribed to the C-N bond, and 1563 cm-1 correspond to 
fundamental vibrations of the polypyrrole ring. The band at 1039 cm-1 is based 
on the =C–H in-plane vibrations, and the band at 1196 cm-1 corresponds to 
the C–N stretching vibrations. The peak at ~3100–3500 cm-1 corresponds to 
the N–H bond. The band at 2071 cm-1 corresponds to the C-N stretching of 
Kx[Fe(CN)6]. The absorption band for [Fe(CN)6]x- varies between 2040 and 
2120 cm-1 [113]. This band is most likely to represent [Fe(CN)6]4- [114]. 
These FTIR spectra suggest that [Fe(CN)6]4- remains in the Ppy layer as a 
dopant if Ppy is synthesized in an acidic medium. This is a common feature 
for Ppy doping in an acidic medium because Ppy becomes positively charged 
and can incorporate negative ions into its structure [113]. Consequently, the 
efficiency of Ppy doping by [Fe(CN)6]4- can be controlled by varying the pH 
of the polymerization solution. 

 
Fig. 7. FTIR spectra of Ppy synthesized at different pH values. 0.5 M Py and 0.04 M 
K3[Fe(CN)6] were used for the synthesis of Ppy in 0.1 M PBS buffers of four different 
pH levels: 3.0, 5.0, 7.0 and 9.0 [30]. 
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Analysis of FTIR spectra reveals that it is possible to achieve doping with 
[Fe(CN)6]4- directly without using an additional oxidizer or an external electric 
stimulus, and to produce the Ppy/[Fe(CN)6]4- composite in one step, which 
corresponds to the results published in [115] additional oxidizer was used. 
This finding corresponds to that presented in other research, reporting that in 
acidic mediums anions tend to remain within the Ppy matrix [116]. 

FIB SEM images revealed that commonly reported Ppy aggregates 
consisted of smaller spherical shaped units shaped units (Fig. 8). On further 
inspection, variations among spherical unit size were observed, which were 
altered by pH value. Ppy prepared at different pHs (3.0, 5.0, 7.0 and 9.0) were 
formed respectively of 152 ± 12 nm, 76 ± 26 nm, 52 ± 15 nm and 54 ± 14 nm 
size base units. Thus, Ppy synthesized under more acidic conditions tended to 
form larger Ppy units. However, the Ppy unit size was lower under neutral and 
basic conditions. The FIB SEM study, in agreement with the FTIR data, 
suggests that the incorporation of [Fe(CN)6]4- into the Ppy structure increases 
its porosity. This is possible because the Ppy(H+)/[Fe(CN)6]4- ion pairs 
formed in acidic medium, according to the FTIR results, could be hydrated 
and produce larger constituent units of Ppy. 

 
Fig. 8. FIB SEM images of Ppy aggregates synthesized using 0.5 M Py and 0.04 M 
K3[Fe(CN)6]. (a) Synthesis was performed in 0.1 M PBS, pH 3.0; (b) Synthesis was 
performed in 0.1 M PBS, pH 9.0. Both images were obtained using a 150k 
magnification [30]. 

3.2.4. Polydopamine synthesis optical assessment 

Polydopamine synthesis was investigated by applying buffers with 
various pH values to test the semi-auto polymerization of PDA. Reaction 
mixtures and products were inspected with a spectrophotometer and an FTIR 
spectrophotometer. From spectrophotometric data, it was concluded that PDA 
is rarely synthesized in acidic or neutral mediums. In basic medium, dopamine 
undergoes autopolimerization (Fig. 9). This agrees with the literature reported 



40 
 

[117]. These findings prove only that PDA synthesis can be controlled by 
changing the acidity and alkalinity of the reaction mixture. 

 
Fig. 9. Optical absorbance spectra of PDA particles at 350 - 700 nm wavelengths. The 
legend shows the pH of the buffer used in each sample and the concentration of 
dopamine used [102]. 

Synthesized polymer particles were also inspected with FTIR. FTIR was 
used to verify that the newly synthesized particles/agglomerates consisted of 
PDA. The remaining precipitates, after the supernatant was removed in the 
UV-VIS spectroscopy experiment, were washed with water and ethanol and 
then dried. The dried particles were collected and the absorbance was 
measured using an FTIR spectrometer. The results of this experiment are 
shown in Fig. 10. The FTIR spectra have some similarities to those of the 
previous studies [118, 119]. Peaks at 1650 (O-H), 1505 (C=O or N-H), and 
1340 cm-1 (CNC) were detected in all samples, and they were at wavenumber 
matching those reported in previous studies. 
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Fig. 10. FTIR spectrogram of PDA particles, at dopamine concentrations used in PDA 
synthesis of 13 mM at pH of 7.5, 8.0, 8.5, and 26 mM dispersed in 0.1 M PBS at pH 
of 7.5, 8.0, 8.5 [102]. 
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3.3. Characterization of yeast and polymer composite 

3.3.1. Atomic force microscope imaging and mechanical 
properties of modified yeast  

 

Fig. 11. AFM images obtained in contact mode: a–c— Y@Ppy-ctr; d–f— 
Y@Ppy-0.5. Images a and d represent AFM contact mode investigations of whole 
cells, which were dried on the Si surface, scan area is 20 × 20 µm2; Images b and e 
represent the apex of unmodified and modified cells, image size is 2 × 2 µm2; a 
second-order ‘surface flattening’ procedure was applied for the formation of c and f 
images from images b and e, respectively [29]. 

Atomic force microscopy was used to compare Y@Ppy-ctr with Y@Ppy. 
The surface morphology and elasticity of the cells were evaluated. For these 
experiments, yeast cells were grown and modified with pyrrole as described 
in Section 2.3.1.1, and then the modified cells were (i) dried on a conventional 
silica-based substrate, which is polished to a high degree of flatness, therefore, 
it was suitable for AFM based imaging, or (ii) immobilized in custom made 
silicon wafers with inclined square holes for AFM-based stiffness 
measurement. The results obtained from the AFM images are presented in 
Fig. 11. After 12 h of drying, it was observed that Y@Ppy-ctr have lost its 
initial round shape and became wrinkled, as can be seen in both the AFM 
(Fig. 11a) and optical (Fig. 11b) images. On the contrary, the Y@Ppy-0.5 
have retained their spherical shape (Fig. 11d). Shape retention by Y@Ppy can 
be explained by two hypotheses. First, Ppy possesses highly hydrophilic 
properties that are caused by a large concentration of positively charged 
nitrogen atoms, which are present in the polymeric backbone of polypyrrole. 
The overall positive charge of nitrogen must be compensated with negatively 
charged ions and/or hydroxyl ions, which form hydrogen bonds with water 
molecules. Second, additionally formed polymeric structures increase the 
thickness of the cell wall, and as a result a thicker cell wall significantly slows 
down some of the cell drying related processes or reinforces the cell wall and 
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helps to retain the initial spherical form even if some water evaporates from 
the cell. For a detailed surface examination, high-resolution images of the 
cell’s surface were taken (Fig. 11b,e). The surfaces of yeast cells Y@Ppy0.5 
were observed to have some round-shaped features, while the surfaces of 
Y@Ppy-ctr were almost smooth. Figs. 11c,f were derived from scans, which 
are represented in Fig. 11b,e, by a second-order ‘surface flattening’ algorithm. 
These computed images showed that the modification of yeast cells with Ppy 
also increases the roughness of the cell surface. The spherical features 
observed in the AFM images suggested that polypyrrole is synthesized in 
small spherical structures, which most likely were located close to the redox 
enzymes of the PMOR system or the Ppy nucleation sites. 

The stiffness profiles of individual cells were evaluated using the AFM-
based force measurement technique [120-123], allowing the impact of the 
polymer layer on stiffness to be investigated. The data obtained were 
normalized to the solid surface stiffness model and reproduced as rooted 
force/indentation graphs (Fig. 12). From these results, Young’s modulus for 
individual cells was calculated using modifications described in the Hertz-
Sneddon model (Table 4). The model with the highest overall R2 value was 
chosen for a further evaluation of the results in the following discussion. The 
stiffness profiles for all types of samples were dispersed, but clear tendencies 
for the different samples could be distinguished (Fig. 12, color clouds). 
Treatment with Py tended to form a relatively uniform cell population in a 
reaction solution. However, further analysis and modelling of the stiffness 
indicated that the cell wall could be treated as a system of two components. 
One component is more associated with smaller indentations and a second 
component is more associated with larger indentations. Therefore, two 
independent fittings were performed on the individual stiffness profile 
(Table 4). At small indentations the cell wall was soft, whereas at large 
indentations the stiffness was increased 350 times (0.0033 and 1.1939 MPa 
respectively, Table 4). The calculated Young’s modulus showed that the 
stiffness of the outer layer of the cell wall, measured at small indentations and 
that of the inner layer measured at larger indentations, both decreased after 
incubation in 0.5 M of Py without polymerization inducing redox species 
(Table 4). However, a different influence on the cell wall was observed after 
Ppy treatment. The formation of Ppy within the outer layer of the cell wall 
slightly increased its stiffness (from 0.0033 MPa to 0.0046 MPa) in the 
presence of 0.1 M Py; the stiffness increased further as the concentration of 
Py increased. On the contrary, the inner layers of the modified cell became 
almost 3.5 times softer (from 1.1939 to 0.3385 MPa) in the presence of 0.1 M 
Py. This suggests that the formation of Ppy polymers crosslinks the outer layer 
of the cell wall structures, and thus increases the rigidity. However, the 
formation of Ppy in the inner cell wall layer acts differently and initiates 
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disruption of the natural cell wall structure. However, if the concentration of 
Py used for the polymerization was higher, then the stiffness of both inner- 
and outer-layers of the cell wall increased. 

 

Fig. 12. Force indentation curves, linearized according to the Hertz-Sneddon elasticity 
model. Average lines were generated from different treatments; Clouds (shaded areas) 
represent the standard deviation (n <10) in a particular indentation; Square zones 
represent fitting ranges for small or large indentations [68]. 

A pilot AFM-based force measurement study has revealed that Ppy 
incorporation within the cell wall changed the mechanical properties of 
Y@Ppy [29]. Currently, force/indentation measurements were used to 
determine Young’s modulus of individual Ppy-modified and unmodified cells. 
Young’s modulus is considered the most representative parameter for the 
evaluation of mechanical properties of encapsulated cells [124-127]. To 
evaluate mechanical properties of yeast cells using AFM, several cell 
immobilization techniques are available [103, 121, 122, 128]. Immobilization 
of yeast cells within pores of polycarbonate membranes is often reported to be 
unreliable [129, 130]. Therefore, yeast cells were immobilized within 
specially prepared holed silica wafers, which contained pyramid-shaped holes 
of similar dimensions to those of yeast cells. Despite this using current method 
of immobilization, Young’s modulus of Y@Ppy-ctr were almost identical and 
comparable (Table 4) to those reported by the other authors [127]. Our current 
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AFM-based research additionally showed that incorporation of formed Ppy 
increases the rigidity of outer cell wall layer (Table 4, 1st fitting range) but 
has differing effects on the inner layers of the cell wall, depend and on the 
concentration of Py used (Table 4, 2nd fitting range). Y@Ppy-0.1 cells 
(Table 4, No. 1, second fitting range) had softer cell walls compared to 
Y@Ppy-ctr (Table 4, No. 2, second fitting range). Although Y@Ppy-0.1 
(Table 4, No. 2, second fitting range) compared to those that were only 
incubated with high Py concentrations (0.5 M, without polymerization 
initiator; Table 4, No. 5, second fitting range), their inner layer of the cell wall 
lost its stiffness by the same amount, and Young’s modulus decreases from 
∼1.19 down to ∼0.34 MPa. This suggests that adsorption of Py and Ppy with 
β-glucan disturbs or destabilizes the structure of the natural cell wall. Yeast 
cells incubated in reaction solutions containing higher Py concentrations 
showed increased stiffness of cell walls. This suggests that larger Ppy particles 
or matrices are formed that, instead of further distorting the natural cell wall, 
start to act as a binding agent through the formation of more complex 
polymeric structures. The gradually increasing value of Young’s modulus also 
illustrates possible cross-linking between Ppy clusters randomly distributed 
within the cell wall or within other structural units. This prediction agrees with 
the results showing that the lowest CV% value was observed after incubation 
of yeast cells in solutions containing the highest evaluated Py concentrations 
(Table 4, CV values). These results suggest that the Ppy might undergo 
different degrees of cross-linking as the stiffness of Ppy-modified cells 
gradually increases, with increasing Py concentration in the reaction media, 
ultimately forming a more uniform structure. Previous studies on the 
mechanical properties of chitosan/Ppy composites stated that increasing the 
pore size of this composite significantly softens the material [131]. This fact 
might help to understand the loss of stiffness, observed currently; Ppy formed 
within yeast cell wall structures could act similarly to increase pores in 
chitosan/Ppy composites. The same study showed that the incorporation of 
Ppy within chitosan makes this composite material more flexible and softer. 
These findings also suggest that similarly acting composites were formed 
within yeast cell walls. In summary: Ppy acts on the outer layers of the cell 
wall as a hardening agent, which crosslinks β-glucan. In addition, Ppy acts as 
a plasticizer, softening the cell wall by disrupting, weakening, and 
redistributing essential bonds, such as hydrogen bonds between different 
molecules and/or layers of chitin- or chitosan-type polycarbohydrates. 
Different accessibility of Ppy-modified and unmodified cell wall by lyticase 
and the mechanically different effects on the yeast cell wall prove that the 
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yeast cell wall probably acts as a double layered system [120]. This 
unexpected tendency can only be explained by the destabilization of the cell 
wall when low concentrations of pyrrole are used for polymerization, while at 
higher concentrations a more advanced Ppy polymer matrix is formed. 
Therefore, incubation of yeast cells at a higher pyrrole concentration 
containing the polymerization initiation solution increased the toughness of 
the inner layer of the yeast cell. 

Table 4. Young’s modulus of Ppy modified yeast cells and respective 
coefficient of variance (CV), n ≥ 10 [68]. 

Type of sample Young’s modulus, 
MPa, 1st fitting 
range 

CV, 
% 

Young’s modulus, 
MPa, 2nd fitting 
range 

CV, % 

1. Y@Ppy-ctr 0.0033 ± 0.0017 52 1.1939 ± 0.6825 57 

2. Y@Ppy-0.1 0.0046 ± 0.0024 52 0.3385 ± 0.13 38 

3. Y@Ppy-0.3 0.0064 ± 0.0017 27 0.4169 ± 0.3188 76 

4. Y@Ppy-0.5 0.0425 ± 0.0183 43 0.7758 ± 0.1225 16 

5. *Y@Ppy-0.5 
without 
K4[Fe(CN)6] 

0.0019 ± 0.0011 58 0.3562 ± 0.268 75 

*without K4[Fe(CN)6] the polymerization reaction was not initiated. 

3.3.2. Isotopic characterization of polypyrrole-yeast 
composite 

Isotope ratio mass spectroscopy was used to determine the location of Ppy 
in the cells and to evaluate monomer adsorption on the cell structures. Various 
mixtures of not labeled and isotopically labeled pyrrole at varied 15N 
enrichments were used (Py*, Mr=68 g/mol). Most of the experiments were 
carried out using lightly enriched pyrrole (δ15N(Py*) = 400 ‰), but in some 
experiments pyrrole with higher enrichment (δ15N(Py*) ~ 4000 ‰) was used. 
Initial experiments were carried out to check the tendency of pyrrole to adhere 
to or dissolve within cell structures; for these, K4[Fe(CN)6] was not added into 
the Py* containing samples. The mass of pyrrole in the biocomposite, using an 
initial concentration of 0.5 M of pyrrole, reached ~ 1.9 % after 22 h 
(Table 5a). Yeast cells from the same batch incubated under the same 
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conditions, though without pyrrole, were used as a control. The data indicate 
that the amount of Py* dissolved within cells increased in time from 2 to 22 h. 

Altering the concentration of Py* in incubation (Table 5b) suggests that 
the amount of Ppy and Ppy*, trapped within cell structures, increases 
concomitantly with the concentration of Py * monomer used. Similarly, from 
the measured Ppy* concentrations a gradual increase in produced polymer was 
observed with an increasing concentration of added K4[Fe(CN)6] (Table 5c). 
Further experiments where Py* was applied at a higher 15N enrichment 
(~4000 ‰) were performed in order to compare yeast samples with Ppy 
formed in/on the cell and pyrrole adsorbed on/in the cell structure with better 
resolution and higher precision. This allowed investigation of yeast cells 
incubated with lower concentrations of Py*.  

Using solutions, containing 0.5 M of Py* and 0.04 M of K4[Fe(CN)6], for 
the modification of yeast cells, higher concentrations of Ppy* were formed, 
compared to solutions without K4[Fe(CN)6] (Fig. 13). However, for both 
treatments, an increased concentration of pyrrole resulted in higher total Ppy 
production (Fig. 13). At low Py* concentration (up to 0.1 M), no significant 
differences between polymerized Ppy * formed and intercalated/adsorbed Py* 
were observed. The differences only became apparent when yeast cells were 
incubated in solutions containing more than 0.1 M Py*. In cells incubated in 
solution with 0.5 M pyrrole, the amount of Ppy* (squares) was approximately 
three times the amount of adsorbed Py* monomers (triangles). 

Table 5. The concentrations of Py* and formed Ppy*, adsorbed on/within the 
yeast cells, were quantified by IRMS. Numerical data provided with SD, n ≥ 3 
[68]. 

Section ‘a’; quantification of adsorbed Py* 
15N enrichment ∼ 400 ‰ 
[Py*] = const. 0.50 M 
Time Adsorbed Py* amount in comparison 

to total mass, % 
2 h 0.77 ± 0.05 
22 h  1.85 ± 0.07 
  

Section ‘b’, quantification of Ppy* formed on/within cell 
15N enrichment ∼ 400 ‰ 
Time = const. 22 h 
[Py*], M The amount of formed Ppy* in 

comparison to total mass, % 
0.10 0.06 ± 0.06 



48 
 

0.30 0.34 ± 0.03 
0.50 2.30 ± 0.09 
  

Section ’c’, quantification of Ppy* formed on/within the cell at different initial 
K4[Fe(CN)6]ꞏconcentrations 

15N enrichment ∼ 400 ‰ 
Time = const. 22 h 
[Py*] = const. 0.50 M 
[K4[Fe(CN)6]ꞏ], M Adsorbed Ppy* amount in 

comparison to total mass, % 
0.02 4.34 ± 0.02% 
0.04 5.76 ± 0.51% 
0.08 6.61 ± 0.54% 

 

 

Fig. 13. Formed Ppy (squares) and adsorbed Py (triangles), in a biocomposites from 
total mass, using different initial monomer concentrations. Squares indicate Ppy 
formed using Py* and K4[Fe(CN)6]; triangles – Py* that only adsorbed to cells. 
Fractions were determined with IRMS from freeze-dried samples. The experiment 
was carried out using a mixture of isotopically labeled monomers (Py*) and unlabeled 
monomers (Py) with isotopic enrichment ∼4000 ‰. 0.04 M of K4[Fe(CN)6] were 
used for Ppy* synthesis. Error bars indicate the variation between samples (n ≥ 3) 
[68]. 
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3.3.3. Polypyrrole-yeast composite characterization using 
frourescence staining 

The yeast cell wall is partially composed of polysaccharides, which 
interact with some specific proteins such as concanavalin A. Ppy-modified 
and unmodified yeast cells were stained with FITC-labeled concanavalin A 
(Fig. 14). After staining, a similar FITC fluorescence intensity was observed 
for the unmodified and Ppy-modified cells. Therefore, the binding of 
concanavalin A to cells is independent of the initial concentration of pyrrole, 
suggesting that, as Ppy forms, the cell wall polysaccharides remain available 
to bind with the labeled concanavalin A. In turn, this suggests that Ppy, when 
formed, is most probably embedded inside the cell wall. 

 

Fig. 14. Yeast cells stained with FITC-labeled concanavalin A; bright field versus 
fluorescence light microscopy; a – unmodified cells; b–d Ppy-modified cells using 
0.1; 0.3 and 0.5 M Py [68]. 

3.3.4. Enzymatic cell wall removal 

Yeast spheroplasts were produced [106], and subjected to IRMS 
investigation. Yeast cells were modified with Ppy* using isotopically labeled 
Py* and after which their wall was removed/digested with the enzyme – 
lyticase, which acts simultaneously as an endoglucanase and a protease [132]. 
Different fractions of digested samples were collected from the reaction 
mixture by centrifugation; spheroplasts were separated from the other debris 
from the digested yeast cells. The δ15N values of both spheroplasts and the 
other debris of digested yeast cells were determined. The samples were also 
taken before enzymatic digestion, and their δ15N values were treated as control 
reference points. It was determined that the δ15N of unmodified cells 
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(untreated with Py*) was 2.3 ‰ while the δ 15N value of Ppy* was 101.7 ‰ 
(Table 6). 

Comparison of the δ15N values of unmodified cells before 2.3 ‰ and after 
2.6 ‰ digestion illustrated that the effect of lyticase digestion was not 
significant. However, in samples prepared from Ppy*-modified cells, the shift 
in δ15N was more pronounced, decreasing from 101.7 down to 91.4 ‰ 
(Table 6). The decrease in δ15N indicates that during lyticase cell digestion, 
part of the formed Ppy* became free and did not precipitate with other larger 
cell debris. 

Table 6. Comparison of δ15N (‰) measured from unmodified yeast cells and 
Ppy * modified. Whole cells and cell debris obtained by centrifugation using 
different RCFs were analysed. The analytical precision for δ15N was better 
than 0.20 ‰ [68]. 

Sample  
Fractions collected at RCF δ15N, 

‰ 
1. Y@Ppy-ctr before digestion of the cell 
wall with lyticase 

12000 2.3 

2. Y@15Ppy-0.5 before digestion of the 
cell wall with lyticase 

12000 101.7 

3. Y@Ppy-ctr after cell wall digestion 
with lyticase 

12000 2.6 

4. Y@15Ppy-0.5 after the digestion with 
lyticase 

12000 91.4 

5. Precipitate fraction of Y@15Ppy-0.5 
after digestion with lyticase collected at 
different RCF: 

200 
400 
800 
1200 
2000 
6000 

75.9 
92.0 
92.5 
84.1 
90.6 
97.2 

 
The collection of samples at various RCF allowed the separation of cell 

wall debris by size. The results showed, little or no relationship between 
particle (debris) size and δ15N values, suggesting that the incorporated Ppy* 
is randomly distributed between debris. The pure spheroplast fraction (as well 
as containing the largest cell wall debris), collected at 200 RCF, had the lowest 
δ15N value, confirming that the majority of Ppy* was located within the cell 
wall. Furthermore, it indicates that enzymatic wall digestion was incomplete 
and that some parts of the cell wall and Ppy* remained together. 
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Ppy-modified and unmodified Ppy cells were evaluated with an optical 
microscope to determine their size before and after enzymatic cell wall 
digestion.  

The removal of the cell wall with lyticase led to the successful formation 
of Y@Ppy-ctr spheroplasts, causing these cells to swell/expand and almost 
double is size (Table 7). However, the complete formation of the Y@Ppy 
spheroplast was not very obvious and the increase in cell size was less 
significant (Table 7). In spheroplasts obtained from Y@Ppy-ctr, all inner 
yeast cell structures were visible, however, Y@Ppy were opaque (Fig. 15). 
These observations led to the conclusion that Ppy may interfere with the 
ability of lyticase to fully digest the cell wall. 

Table 7. Average size of yeast cells before and after enzymatic removal of 
their wall. Size represented with SD; n ≥ 20 per treatment [68]. 

Sample Y@Ppy-ctr, in 
µm 

Y@Ppy-0.5, in 
µm 

Before digestion of the cell wall with lyticase 9.57 ± 3.03 9.89 ± 0.89 
After digestion of the cell wall with lyticase 15.95 ± 1.36 11.43 ± 1.63 

 

 

Fig. 15. Yeast before (a, b) and after (c, d) enzymatic wall digestion with lyticase. b, 
d – Polypyrrole entangled yeast cells; a, c – intact cells. 200 times magnified – a, c 
and 400 times – c, d [68]. 
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3.3.5. Optical assessment of polydopamine uptake in yeast 

On the verification of successful chemical PDA synthesis, polymerization 
was applied for yeast cell modification. To assess the formation of a Y@PDA 
composite in the reaction mixture, samples were prepared by centrifuging 
modification mixtures. The supernatants were collected and optically 
evaluated. Small molecular weight PDA leftovers in the supernatant generated 
a peak of absorbance at 412 nm. In Table 8 ‘supernatant’ section, PDA 
absorbance values are represented. The control samples and the samples that 
contained dopamine differ in magnitude, which shows a successful formation 
of PDA. Samples modified in the absence of glucose (Y@PDA-26 w/o glu) 
had higher absorbance (0.879 a.u.) than those modified with 200 mM glucose 
(Y@PDA-26, 0.644 a.u.). Cells with/and PDA particles were washed out of 
the reaction mixture with PBS buffer to remove any PDA leftovers and 
resuspended in PBS before measuring at 600 nm wavelength. Measurements 
at 600 nm wavelength are common when assessing cell count in samples 
(Table 8, cell suspension). The results show that the modified samples without 
glucose also had lower absorbance (Y@PDA26 w/o glu, 0.722 a.u.) than those 
of Y@PDA-26 (0.806 a.u.). The results show that during PDA modification, 
if 200 mM glucose was used, more PDA was bound to the cells and less free 
floating PDA was present in the supernatants. This leads to the belief that 
glucose might promote dopamine adsorption/uptake to cells. Although it was 
unclear why the control samples (Y@PDA-ctr w/o glu, Y@PDA-ctr) had 
higher absorbance values than those of modified cells (Y@PDA-26 w/o glu, 
Y@PDA-26). A possible explanation might be that dopamine slows down 
yeast cell budding. 

Table 8. Optical assessment of yeast modification with PDA reaction mixture. 
N=3 [102]. 

Supernatant Average absorbance at 412 nm, a.u. 

Y@PDA-ctr w/o glu 0.040 

Y@PDA-26 w/o glu 0.879 

Y@PDA-ctr 0.022 

Y@PDA-26 0.644 

 Cell suspension Average absorbance at 600 nm, a.u. 

Y@PDA-ctr w/o glu 0.818 
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Y@PDA-26 w/o glu 0.722 

Y@PDA-ctr 0.848 

Y@PDA-26 0.806 
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3.4. Electrochemical behavior of yeast and polymer composites 

3.4.1. Chronoamperometric evaluation of modified S. cerevisiae in 
the flow-through system 

A controlled flow-through system with free-flowing yeast cells was 
created to imitate a part of a simplified commercial microbial fuel cell system. 
In this system, yeast cells were subjevted to an electrochemical cell, where a 
0.4 V potential was applied and the resulting current was recorded. First, the 
effect of dopamine saturation time effect on yeast cell electrical properties was 
evaluated. The chronoamperogram showed that 60 min saturation at pH 5, had 
a minor improvement over 30 min, while 90 min long saturation resulted in 
reduced current generation (Fig. 16a). Then the dopamine polymerization 
time was evaluated by letting the yeast incubate in a weak alkaline 
environment (pH 7.5). Yeast cells treated by 1 h lasting dopamine 
polymerization showed a pronounced current generation compared to yeast 
cells treated by 3 h and 6 h lasting polymerization (Fig. 16b). Finally, 1 h 
lasting dopamine saturation at pH 5.0 followed by 1 h polymerization at 
pH 7.5 was chosen for all subsequent dopamine modifications of yeast cells. 

Different dopamine concentrations were tested to modify yeast cells. 
Y@PDA-13 and Y@PDA-26 produced very similar electrical response in the 
flow-through system (Fig. 16c). Compared to the control sample, the currents 
produced were approximately 20 % higher. However, upon addition of 
glucose, the signals have slightly dropped. These current decreases were 
probably induced by changes in the fluid concentrations or density. However, 
the addition of glucose allowed to separate the generated signals to be 
separated, which showed that Y@PDA-13 performed slightly better than 
Y@PDA-26. As constant flux is present in the flow-through system, our 
results suggest that an additional amount of PDA polymers may reduce 
glucose uptake to cells. Thus, Y@PDA-26 generated slightly smaller current. 
The addition of polymers to the natural cell interface has produced 
mechanically more rigid biocomposites [37], which also change the rate of the 
glucose uptake. 

Yeast cell modification utilizing Ppy was designed in previous 
experiments. However, the 24 h long modification resulted in reduced cell 
viability and changed physical properties [30, 68].Since Ppy is known to 
possess good electrical conductivity [133], it was necessary to test if a shorter 
modification time could improve cell viability while maintaining sufficient 
electrical properties. Our initial data using a 24 h and shorter 8 h modification 



55 
 

in the flow-through system have produced weak electrical signal (Fig. 16e). 
When short (2 h lasting) modification to long (24 h and even 8 h lasting) 
modification were compared, a rough three time decrease in electrochemical 
signal was observed. Furthermore, it was decided to reduce the yeast 
modification period down to 2 h, because after this modification, yeast cells 
produced the highest electrical current. Furthermore, based on our previous 
work with pyrrole monomer labeled with 15N, it was determined that during 
2 h of modification yeast cells were capable of absorbing and subsequently 
polymerizing around 0.77 ± 0.05% of the pyrrole monomer [68]. 

Y@Ppy samples were subjected to a flow-through system, where a 0.4 V 
potential was applied to the working electrode and the resulting electrical 
current was measured. The results showed that Y@Ppy alters electrical 
properties but inconsistently, as depicted in the chronoamperogram (Fig. 16d). 
In a flow-through system, Y@Ppy-ctr were able to generate around 85 µA in 
the presence of the K4[Fe(CN)6] mediator, while Y@Ppy-100 were able to 
generate a current as high as 140 µA current in a flow-through system. The 
Y@Ppy-300 modification had a significantly increased current generation 
compared to the other samples. During the evaluation of both Y@Ppy-100 
and Y@Ppy-500, it was detected that the increase in the generated current was 
small and was similar to that detected in the control sample (Y@Ppy-ctr). This 
effect could be due to insufficient Ppy bridging or due to the poisoning of 
yeast cells by the high pyrrole/Ppy-concentrations applied, which indicated 
that after 24 h of lasting modification the viability of yeast cells has decreased 
significantly in the case of Y@Ppy-500 sample Y @ Ppy-500 [68]. Thus, 
results indicate that Y@Ppy-300 in 2 h lasting modifications were sufficient 
at bridging, as charge transfer was increased, while no poisoning effect was 
observed. 
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Fig. 16. The chronoamperogram of modified yeast cells subjected to a flow-through 
system containing 0.1 M PBS solution, pH 7.0, where 0.5 mM K4[Fe(CN)6] was used 
as redox mediator. The system flow rate was set to 35 mL/min and turned on at 5 min 
mark. Where noted, glucose was added at the 10 min mark with a final concentration 
of 200 mM. (A) Current registered using Y@PDA-26 at different incubation 
durations (30, 60, and 90 min) at pH 5.0, with the following 1 h polymerization at 
pH 7.5. (B) Current registered using Y@PDA-26 firstly incubated 1h at pH 5.0 then 
polymerized at pH 7.5 with different incubation durations (1, 3, and 6 h). (C) Current 
registered using Y@PDA-13 and Y@PDA-26 and their response to the addition of 
glucose. (D) Current registered using Y@Ppy-100, Y@Ppy-300, and Y@Ppy-500 
and their response to addition of glucose, additional control samples are presented. 
(E) Comparison of time of 2, 8, and 24 h using Y@Ppy-300. Data depicted in A, B, 
and C as the average signal value ± SD [102]. 
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3.4.2. Performance of PDA and Ppy modified yeast cells in MFC 

To assess the electrochemical properties of the modified yeast, the open 
circuit potential and loaded circuit potential were measured, and the generated 
power density was subsequently calculated in the classical two-compartment 
MFC system. To evaluate the influence of polymer modification on charge 
transfer only, during the measurements, the modified yeast cells were not fed 
glucose. Measurements began by evaluating open circuit potential in MFC, 
and afterward various resistances were connected into the circuit to create 
circuit load, and the changes of the potential were registered. The potential 
was considered to reach steady state when the potential value has not changed 
for 10 consecutive seconds. 

Two variants of Y@PDA were explored: one batch of the yeast cells were 
not fed with glucose during modification (. 17a) and the other batch fed with 
200 mM glucose during modification (Fig. 17b). In both cases, the majority 
of MFCs with Y@PDA samples the usual maximal calculated power density 
has been reached when 5.1 kΩ external resistance was applied (Fig. 17a and 
b). The only exception was the control system without glucose (Fig. 17a, 
Y@PDA-ctr w/o glu), which achieved a maximum value of power density 
when 10 kΩ external resistance was applied to the system. In the sample 
Y@PDA-13 without glucose, the maximum value of 113 µW/m2 power 
density was reached at 21 mV compared to the control sample value 
36 µW/m2 at 17 mV (Fig. 17a, Y@PDA-ctr w/o glu). When yeast cells were 
modified in the presence of 200 mM glucose, reproducible measurements 
were achieved. In the electrochemical system based on Y@PDA-26 a 
maximum current value of 113 µW/m2 was observed at 21 mV compared to 
the electrochemical system based on Y@PDA-ctr that had maximum values 
of 50 µW/m2 at 14 mV (Fig. 17b). Meanwhile, the majority of control samples 
gave a value of 23 µW/m2 at 9 mV. These results suggest that, when yeast 
cells were modified with PDA and fed glucose during modification, their 
possible vital functions were retained because less variance between identical 
biofuel systems was observed (Fig. 17b). 

In comparison, Y@Ppy (Fig. 17c), which were fed with glucose during 
modification and during measurements, showed lower reproducibility. The 
maximum calculated power density was reached using 5.1 kΩ external circuit 
load for most of the samples modified with pyrrole. Only except for the 
Y@Ppy-500 sample, which reached the peak value at 10 kΩ. In the 
Y@Ppy-100 sample, the maximum power density of 115 µW/m2 was reached 
at 21 mV, which was just slightly higher than that of the Y@Ppy-ctr sample 
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(84 µW/m2 at 18 mV) (Fig. 17c). Overall, the influence of Ppy modification 
on charge transfer in our MFC setup is deemed poor because the control 
sample often outperformed the modified ones. 

Evaluation of Y@PDA by potentiometry reveals that polydopamine is a 
good agent to improve charge transfer from yeast cells. It was observed that 
on average the power density generated by Y@PDA-26 increased up to 5-6 
times e.g. at 5.1 kΩ circuit load compared to Y@PDA-ctr MFC (Fig. 17b). 
These findings are similar to those previously reported in the other systems, 
likewise bacteria S. xiamenensis was also modified with PDA [91]. Evaluation 
of experimental results reveals that Y@PDA are well suited for biofuel cells 
and biosensing cell activity, while Y@Ppy, with poor MFC performance, are 
more suitable for biosensing cell metabolic activity in a three-electrode based 
amperometric setup. 

 
Fig. 17. Dependence of the calculated power density on the generated potential in a 
two compartment MFC, which consisted of (a) Y@PDA in PBS with 5 mM of 
K4[Fe(CN)6], (b) yeast modified with dopamine in PBS with 5 mM of K4[Fe(CN)6], 
and 200 mM glucose, and (c) yeast modified with Ppy in PBS with 5 mM of 
K4[Fe(CN)6]and 200 mM glucose. All measurements were performed in a two-
electrode based electrochemical cell [102]. 

  



59 
 

4. CONCLUSIONS 

4.1. Polypyrrole and polydopamine synthesis 

Herein the evaluation of the polymerization of pyrrole initiated by 
[Fe(CN)6]3- and controled PDA synthesis is reported and here are main 
findings: 
- If [Fe(CN)6]4- is initially added to a bulk polymerization solution must be 

oxidized into [Fe(CN)6]3- by dissolved oxygen. The formed [Fe(CN)6]3- 
then acts as the initiator of the pyrrole polymerization reaction. 

- Using [Fe(CN)6]3- the polymerization rate of pyrrole can be controlled by 
varying the pH value of the polymerization bulk solution. The slowest 
polypyrrole formation rate was observed when the reaction was carried 
out at neutral pH (pH 7.0). 

- There is some evidence that polypyrrole-based particle size increases by 
doping with [Fe(CN)6]4- and such doping is more efficient in an acidic 
medium. 

- It was shown that polydopamine can be synthesized in a controlled 
manner by manipulating reaction solutions pH from 5.0 to 7.5. 

4.2. Yeast – polymer composite enhanced chemical and physical 
resistances 

The current results broaden our understanding of Ppy synthesis based on 
the redox cycling of [Fe(CN)6]3-/4- by yeast cells. Various indirect techniques 
were applied for the evaluation of Ppy-modified yeast cell biocomposite. The 
main findings of this research section are as follows: 
- From AFM, concavalin A labeling, and lyticase digestion experiments, it 

was determined that polypyrrole forms small structural units within the 
yeast cell wall. 

- AFM force indetation experiments revealed that polypyrrole changes 
yeast wall mechanical properties by disrupting normal wall structure in 
the inner layers while strengthening outer layers. 

- Yeast cells modified at higher concentrations of pyrrole form a more 
uniform Ppy-modified cell wall matrix. 

- From isotpical labeling experiments it was determined that the 
localization of formed Ppy is predetermined by the initial adsorption of 
the pyrrole monomer within the components of the cell wall, which 
ensures close proximity, and thus polypyrrole effectively forms only in 
cell wall structures. 
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- Ppy enhances the chemical resilience of yeast cell walls; therefore, 
polypyrrole can provide advanced protection of Ppy-modified yeast cells 
from some environmental factors. 

4.3. Altered electrical properties of yeast – polymer composite 

Electochemical investigations revieled these main findings: 
- Chronoamperometric experiments in the flow-through system concorded 

with the hypothesis that a short (2 h lasting) modification time of yeast 
cells with both polymers is more beneficial in terms of electrical current 
generation.  

- Potentiometry experiments using different external resistances revealed 
that yeast cells modified with conducting polymers improved charge 
transfer in microbial fuel cells. The microbial fuel cell based on 
polydopamine modification generated a maximum power density of 
113 µW/m2 at 21 mV compared to the untreated samples that had a 
maximum value of 50 µW/m2 at 14 mV. Microbial fuel cell based on 
polypyrrole modification generated a maximum power density of 
115 µW/m2 at 21 mV compared to the untreated samples, which had a 
maximum value of 84 µW/m2 at 18 mV. 

 

4.4. Novelty and significance 

To the best of our knowledge, we showed for the first time the influence 
of oxygen on the redox-cycled synthesis of Ppy. Kinetic reaction control in 
this case is crucial, because only through limitation of reaction speed in free 
medium desired polymer localization is achieved in yeast external cell wall 
layers. 

Some of the experiments described here are unique. Uniqueness originates 
from the complexity of the research object, the yeast polymer biocomposite. 
Due to the ‘strange’ features of the biocomposite, many conventional 
techniques were not suitable fit for its evaluation, therefore new 
methodologies had to be designed or invented. It leads to indirect approaches 
to characterize biocomposites. Atomic force microscopy force indentation 
experiments are one of them. Initially, it was believed that uniform coatings 
and overall stiffness were increased of the yeast cell wall, which was proven 
to be wrong. While isotope labeling worked well to evaluate the composition, 
it proved to be a good tool for polymer tracking after enzymatic digestion.  

Prior to these studies, polymeric coatings were mostly associated with cell 
encapsulation for drug delivery or immunization. These studies were among 
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the first to point out the coating of yeast cells with conducting polymer 
polypyrrole. Subsequently, other research groups and thus emerged, studies 
based on the original work described in this thesis. 
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SANTRAUKA 

Įvadas 

Biokuro elementai, tai elektrocheminiai įrenginiai, kurie išgauna elektros 
energiją surenkant krūvininkus iš fermentinių reakcijų metu susidariusių 
produktų. Per pastaruosius tris dešimtmečius biokuro elementų tyrimų sritis 
tapo aktuali dėl sparčiai didėjančio globalaus energijos sunaudojimo ir 
populiarėjančių „žaliųjų“ technologijų. Pagrindinė biokuro elementų taikymo 
sritis išlieka vandens valymas tuo pat metu gaminant elektrą iš nuotekų, kurios 
pramoninių procesų metu buvo užterštos organiniais junginiais. 

Biokuro elementai yra skirstomi pagal katalizatoriaus prigimtį: 
fermentinius arba mikrobinius. Pastarieji skiriasi tuo, kad vieni naudoja 
išgrynintus fermentus, kai kiti naudoja gyvus mikroorganizmus, kurie geba 
papildyti fermentų kiekį biokuro elemente. Dėl mikroorganizmų greitos 
reprodukcijos ir technologiškai brangaus, sudėtingo fermentų gryninimo, 
dažnai yra manoma, kad mikroorganizmų katalizuojami biokuro elementai yra 
pranašesni ir perspektyvesnis už fermentinius. Tiek mikrobiniai biokuro 
elementai (MKE) tiek fermentiniai biokuro elementai gali veikti palyginus 
švelniomis sąlygomis. Tačiau MKE įprastai yra ženkliai paprasčiau 
pagaminama, nes reikiami mikroorganizmai gali būti išgauti iš daugybės 
natūralių šaltinių, kaip, pavyzdžiui, purvas ar dirvožemis. Tačiau nepaisant 
lengvo prieinamumo, MKE technologijos dar nėra plačiai taikomos dėl 
prastos elektros krūvio pernašos (KP) iš mikroorganizmo link MKE elektrodų. 
Kitaip tariant, mikroorganizmų elektrinis laidumas, per jų sieneles ir 
membranas yra mažas. Įprastai ši problema yra sprendžiama naudojant 
elektrinį laidumą didinančias medžiagas arba naudojant specifinės fiziologijos 
mikroorganizmus, kurie geba atlikti tiesioginę elektronų pernašą į MKE 
elektrodą. Elektrinį laidumą gerinančių medžiagų, dar vadinamų mediatoriais, 
tarpe gausu: oksidacijos laipsnį lengvai keičiančių organinių junginių ar 
neorganinių druskų, elektrai laidžių nano dalelių, nano strypų ar polimerų. 
Priklausomai nuo pasirinkto mediatoriaus, pernaša gali gerėti skirtingose 
zonose: MKE užpildančiame skystyje, ties MKE elektrodų paviršiumi ar ties 
mikroorganizmų išoriniais sluoksniais. Literatūroje gausu skirtingų sistemų, 
kuriose KP gerinti yra naudojama net kelių pasirinktų mediatorių 
kombinacijos. Dažniausiai naudojamas metodas yra kombinuoti hidrofilinį 
mediatorių su lipofiliniu mediatoriumi, kad KP pagerėtų per mikroorganizmų 
membraną ir MKE užpildantį skystį. Kitas dažnai naudojamas metodas yra 
MKE elektrodų paviršiaus modifikavimas, kad pagerėtų tiek mikroorganizmų 
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adhezija tiek KP į elektrodą. Tačiau paminėti metodai yra klasikiniai, ir tik 
pastarajame dešimtmetyje atsirado naujas KP gerinantis metodas – ląstelių 
paviršiaus modifikavimas elektrolaidžiais polimerais. 

Ši disertacija aprašo vienus pirmųjų ir pamatinius tyrimus susijusius su 
mikroorganizmų modifikavimu elektrolaidžiais polimerais. Taip pat, yra 
nagrinėjami polimerų formavimosi principai ant mikroorganizmų paviršiaus, 
susidariusių polimerų fizinės bei cheminės savybės ir modifikuotų 
mikroorganizmų mielių taikymas mikrobiniuose kuro elementuose. 

Tikslas ir uždaviniai 

Šioje disertacijoje yra aprašomas atradimas bei susiję tyrimai apie elektrai 
laidžių polimerų sintezę ties mielių ląstelių paviršiumi. Darbo pagrindinis 
tikslas - ištirti mielių ląstelių ir elektrolaidžių polimerų kompozitus bei 
pritaikyti juos biokuro elementuose. Šiam tikslui pasiekti buvo iškelti 
uždaviniai:  

i) Įvertinti polipirolo sintezę naudojant K3[Fe(CN)6] skirtingų pH 
polimerizacijos tirpaluose. Charakterizuoti susidariusį polimerą optiniais 
metodais; 

ii) Įvertinti polidopamino sintezę skirtingose pH sąlygose. Charakterizuoti 
susidariusį polimerą optiniais metodais; 

iii) Sukurti mielių dengimo polipirolu bei polidopaminu metodikas; 
iv) Charakterizuoti mielių ląstelių ir polipirolo kompozito struktūrą, sudėtį, 

jo chemines bei fizines savybes; 
v) Pritaikyti modifikuotas mieles mikrobinių biokuro elementų kūrime ir 

įvertinti kompozitų elektrochemines savybes. 

Svarbiausi rezultatai 

Šiame skyriuje yra pristatomi svarbiausi atradimai ar įžvalgos susijusios su 
atliktais eksperimentais. Atradimai aprašomi tokia eilės tvarką, kad būtų 
lengviau sukurta „mokslinės minties“ vystymosi eiga. 

Atradimas 

Pastebėjus, kad polipirolo sintezė yra galima tirpaluose, kuriuose yra 
mielių ląstelės ir kompleksinė druska K3[Fe(CN)6] (Fig. 3), buvo atlikta visa 
eilė eksperimentų aiškinančių procesus ar susidariusiu kompozitų savybes. 
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Polipirolo sintezė, jos valdymas 

[Fe(CN)6]3- inicijuota polipirolo (Ppy) sintezė buvo tiriama UV-Vis 
spektrofotometru. Pirolo (Py) monomerai yra oksiduojami su [Fe(CN)6]3-, 
susidaro polipirolas, o druska redukuojasi iki [Fe(CN)6]4-. Tyrimų metu buvo 
analizuojami įvairų esminių komponentų mišiniai. Taipogi buvo atlikti 
polipirolo susidarymo realiu laiku matavimai, tiek aerobinėmis (su 
atmosferiniu deguonimi), tiek anaerobinėmis sąlygomis (be atmosferinio 
deguonies). Taip pat buvo atliekami polipirolo susidarymo kinetiniai tyrimai 
įvairaus rūgštingumo fosfatinio buferio tirpaluose. Naudojant tyrimų metu 
surinktus duomenis, buvo įvertinti polipirolo susidarymo reakcijos greičio 
parametrai, bei kiti svarbūs aspektai. 

Spektrofotometru buvo galima detektuoti kelis atskirus junginius vienu 
metu, nes jų spektrinės savybės skiriasi (Fig. 4). Kompleksinės druskos tik 
oksiduota [Fe(CN)6]3- forma turi aiškų sugerties maksimumą regimajame 
spektre ties 420 nm. O redukuota forma ([Fe(CN)6]4-) regimojoje srityje jos 
neturi. Tuo tarpu Polipirolas pasižymi sugertimi ties 460 nm. Jo absorbcijos 
spektrai buvo užregistruoti naudojant skirtingose sąlygose susidariusį Ppy, 
norint įvertinti ar sugerties maksimumo padėtis yra pastovi. Tačiau artimos 
sugerties reikšmės netrukdė optiškai atskirti ar įvertinti reaktantų 
koncentracijos ar kiekio kitimo laike, nes abiejų junginių vandeninis tirpalas 
pasižymėjo izobestiniu tašku ties 450 nm (Fig. 5a). Tai reiškia, kad atliekant 
vieną matavimą, galima buvo nustatyti šių dviejų skirtingai šviesą sugeriančių 
medžiagų koncentracijas bei jų kiekius realiu laiku. 

Toliau buvo atlikti kinetiniai tyrimai, kurių metu buvo įvertinta, kaip 
[Fe(CN)6]3- ar [Fe(CN)6]4- dalyvauja reakcijoje su Py, esant anaerobinėms 
sąlygoms. Buvo tirta Py oksidacija naudojat [Fe(CN)6]3-, kurios metu 
[Fe(CN)6]3- redukuojasi į [Fe(CN)6]4-. Iš tyrimų paaiškėjo, kad jeigu nėra 
atmosferinio deguonies, [Fe(CN)6]4- negali būti paverstas iš redukuotos 
formos į oksiduotą, todėl negali vykti tolimesnė Py oksidacijos reakcija ir 
nesusidaro Ppy (Fig. 5b). Jei yra naudojamas [Fe(CN)6]3- reakcijoje su Py ir 
yra atmosferinės deguonies, susidaręs [Fe(CN)6]4- sąveikoje su deguonimi yra 
pakartotinai oksiduojamas į [Fe(CN)6]3-. Jei yra naudojamas [Fe(CN)6]3- 
reakcijoje su Py ir nėra atmosferinio deguonies, susidaręs [Fe(CN)6]4- nėra 
pakartotinai oksiduojamas ir [Fe(CN)6]3- oksidatoriaus kiekis mažėja šioje 
reakcijoje. Todėl esant atmosferiniam deguoniui [Fe(CN)6]3-/[Fe(CN)6]4- 
dalyvauja redukcijos oksidacijos cikle, kurio metu yra gaminimas Ppy iš Py. 

Nustačius, kad [Fe(CN)6]4- gali būti oksiduojamas su atmosferiniu 
deguonimi, buvo nuspręsta ištirti vykstančių procesų greičius skirtingo 
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rūgštingumo tirpaluose, tikintis surasti sąlygas, kuriose polimerizacijos 
procesas sulėtėja arba sustoja, net ir reakcijos mišinyje esant atmosferiniam 
deguoniui. Buvo tirtas polipirolo susidarymas naudojant [Fe(CN)6]3- ir atskirai 
naudojant [Fe(CN)6]4-. Įvertinus kinetinius parametrus paaiškėjo, kad 
naudojant [Fe(CN)6]3- Ppy susidarymas yra lėčiausias neutraliame reakcijos 
mišinyje (pH 7, Fig. 6). Tačiau [Fe(CN)6]4- oksidacija su atmosferiniu 
deguonimi į aktyvią formą [Fe(CN)6]3- taip pat yra lėčiausia neutraliame 
tirpale. Iš šių duomenų buvo daroma išvada, kad neutraliuose mišiniuose, 
kurie turi [Fe(CN)6]4- ir Py, polimerizacijos reakciją galima sulėtinti iki 
v = 9,35ꞏ10-7 ∆Aꞏs-1

, nes [Fe(CN)6]4- pirmiausia turi oksiduotis iki aktyvios 
formos, kas yra limituojantis faktorius. Kadangi [Fe(CN)6]3-/[Fe(CN)6]4- gali 
būti regeneruojamas oksidacijos metu, todėl šis Ppy sintezės metodas buvo 
pavadintas redukcijos oksidacijos ciklo polimerizacija. 

Polidopamino sintezė, jos valdymas 

Polidopaminas, kaip ir polipirolas, yra polimeras pasižymintis elektriniu 
laidumu. Dopamino monomeras, baziniuose tirpaluose, patiria 
vidumolekulinę reorganizaciją ir autopolimerizuojasi. Todėl buvo spektriniais 
metodais įvertinta PDA autopolimerizacija skirtingo rūgštingumo tirpaluose 
(UV-Vis, Fig. 9 ). Kaip ir buvo tikėtasi PDA visiškai nesusidaro rūgtiniuose 
tirpaluose. O įvairiuose šarminiuose tirpaluose susidariusio polimero 
spektrinės savybės yra analogiškos (FTIR, Fig. 10). Visiškas PDA 
nesusidarymas rūgštiniuose tirpaluose įgalina šios sintezės valdymą. Kitaip 
sakant, PDA nesusidarys kol tirpalas su dopaminu nebus paveiktas šarmu ir 
pH neviršys 7,5. 

Mielės Saccharomyces Cerevisiae dengtos polipirolu 

Polimerų sintezės, reguliuojamos tiek pH, tiek kinetiniais aspektais, yra 
patogios norint valdyti procesus. Polipirolo atveju, vykdytas ląstelių dengimas 
polimeru, procesą kontroliuojant reakcijos kinetiniais aspektais. Pasirinktose 
sąlygose pirolo monomeras buvo lėtai oksiduojamas į polipirolą, tačiau tuo 
pat metu dėl menko savo tirpumo tirpale jis įsigerdavo į ląstelių paviršinius 
sluoksnius. Reakcijos greičius taip pat lėtino mažas deguonies prieinamumas, 
nes pagrindinis deguonies vartotojas reakcijos mišinyje buvo mielės. Todėl 
vienintėlis galimas [Fe(CN)6]4- virtimas į [Fe(CN)6]3-  buvo tik dėl šio junginio 
sąveikos su mielių ląstelėse esančiomis oksidoreduktazėmis. Ši prielaida buvo 
keliama dėl to, kad susidariusio Ppy pagrindiniai kiekiai buvo sukaupti ties 
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ląstelių paviršiumi, o tirpale susidariusios pavienės Ppy dalelės nebuvo 
stebimos. 

Siekiant paaiškinti, kodėl susidaręs Ppy yra tik ant ląstelių paviršiaus buvo 
atliekami įvairūs tyrimai. Naudojant atominių jėgų mikroskopu (AFM) buvo 
vizualizuojamas mielių ląstelių dengtų Ppy paviršius ir jo morfologija, taip pat 
tiriamos mielių sienelės ir Ppy kompozito mechaninės savybės. Izotopų 
santykio masių spektroskopija buvo naudojama įvertinti susidariusio Ppy 
kiekį mielių ląstelių sienelėje, bei įvertinti susidarymo greitį. Buvo atliekami 
klasikiniai ir fluorescencinės mikroskopijos tyrimai aprašant ląstelių sąveiką 
su specifiniu žymėtu baltymu bei virškinimo fermentu. 

AFM tyrimų metu buvo vizualizuotas modifikuotų ląstelių paviršius. 
Pastarasis lyginant su natūralių ląstelių paviršiumi buvo grublėtas ir pritaikius 
paviršiaus lyginimo algoritmus buvo stebimas grublėtumo išsidėstymas į 
diskretiškas sankaupas - salas (Fig. 11). Šie pastebėjimai sufleravo, kad Ppy 
gali būti išsidėstęs ar susiformavęs mažomis sankaupomis dėl lokalių 
nukleacijos ar polimerizacijos zonų. Buvo daroma prielaida, kad Py tirpdamas 
ląstelės sienelėje sudaro sankaupas, iš kurių polimerizacijos metu sudarydavo 
polimero salelės. Tolimesnių AFM tyrimu metu buvo tiriamas ląstelių sienelių 
elastingumas. Modifikuotos ląstelės Ppy jėgos artėjimo kreivėse išsiskyrė 
turinčios du skirtingus Jungo modulius (Fig. 12, Table 4). Kitaip sakant, 
stebimi rezultatai sutapo su „dvigubo sluoksnio sienelės“ teoriniu modeliu, 
kuris teigė jog mielių ląstelių sienelė elgiasi kaip dviejų sluoksnių struktūra, 
ir pastarieji turi skirtingas mechanines savybes. Šiuo atveju modifikacija Ppy 
leido išskirti šiuos sluoksnius. Taip pat, lyginant su kontrole buvo daromos 
išvados, jog Ppy minkština tankesnius ląstelių sluoksnius  – Ppy elgiasi kaip 
plastifikatorius ir sienelės Ppy kompozitas tampa elastingesnis. O 
minkštesnius ar mažesnio tankio sluoksnius - sutvirtina su jais susirišdamas. 

Toliau, kompleksinis objektas buvo tiriamas ir aprašomas izotopų santykio 
masių spektroskopiją naudojant 15N izotopu žymėtą Py. Naudojant įvairaus 
izotopinio praturtinimo Py mišinius buvo paruošti ir ištirti Ppy modifikuotų 
mielių ląstelių mėginiai. Šis tyrimas leido įvertinti kelis aspektus: kiekybinę 
pirolo absorbciją ant ląstelės paviršiaus ir koks polipirolo kiekis buvo 
susidaręs nuo bendros ląstelių masės (Table 5). Taip pat tai leido įvertinti 
susidariusio žymėto polipirolo kiekio priklausomybę nuo naudotos 
[Fe(CN)6]4- koncentracijos. Tyrimai atskleidė, kad pirolo monomerai yra linkę 
įsiskverbti ar absorbuotis į mielių struktūras - procesas yra priklausomas nuo 
koncentracijos. O maksimali absorbcija vidutiniškai yra 2-3 %, nuo bendros 
kompozito masės. Vykstant polimerizacijos procesui yra pasiekiami didesni 
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polimero kiekiai nei monomero, savaiminės absorbcijos metu į mielių ląstelių 
sienelės struktūras (Fig. 13). 

Mielių ir polipirolo kompozitas taip pat buvo chemiškai 
charakterizuojamas. Fluoresceino izotiocianatu (FITC) žymėtas 
konkavalino A baltymas buvo naudotas atlikti fluorescensinę mikroskopiją. 
Konkovalino A baltymas yra specifiškas mielių ląstelių paviršiaus 
polisacharidams ir chemiškai sąveikauja su jais prisikabindamas prie jų. Todėl 
baltymo dariniai konjuguoti su įvairiomis žymėmis yra naudojami mielių 
paviršiaus analizei. Buvo keliama hipotezė, kad polipirolu modifikuotos 
mielių ląstelės gali turėti polipirolo apvalkalą. Tačiau atlikus fluorescencinės 
mikroskopijos tyrimą paaiškėjo, kad FITC-konkavalionas A geba sąveikauti 
su mielių ląstelių paviršiuje esančiais polisacharidais ir kad polipirolo danga 
nėra vientisa arba yra susidariusi gilesniuose ląstelės sienelės sluoksniuose 
(Fig. 14). 

Nagrinėjant šviesinės mikroskopijos atvaizdus buvo pastebėta, kad mielių 
ir polipirolo kompozitas sudaro diskretišką tamsų apvalkalą (Fig. 3), todėl 
reikėjo įrodyti jo lokalizaciją. Todėl buvo nuėsdintos mielių ląstelių sieneles 
naudojant fermentą litikazę. Tai yra fermentas, kuris pasižymi 
endogliukanaziniu ir proteaziniu aktyvumu, gebantis skaidyti/virškinti mielių 
ląstelių sieneles. Šis fermentas plačiai naudojamas verčiant mielių ląsteles į 
sferoplastus. Proceso metu fermentui suskaidžius mielių ląstelių sienelę, 
ląstelės išbrinksta ir išsipučia, nes nebeturi struktūriškai svarbaus apsauginio 
apvalkalo. Tad eksperimentų metu natyvios ląstelės išsipūsdavo, o Ppy 
modifikuotos ląstelės tik dalinai formavo sferoplastus (Fig. 15). Taip pat buvo 
atliktas izotopinis žymėjimas prieš sienelių skaidymo eksperimentus ir buvo 
surenkamos „apvirškintos“ ląstelės – sferoplastai. Lyginant su kontroliniais 
mėginiais buvo pastebėta, kad skaidymo metu nežymi dalis 15N žymėto 
polipirolo atsilaisvina nuo mielių ir centrifugavimo metu nebuvo surenkama 
(Table 6), tačiau didžioji dalis lieka. Todėl buvo daroma išvada, kad Ppy yra 
įsipainiojęs į mielių sienelės struktūras ir padidiną mielių ląstelių sienelės 
atsparumą litikazės fermentui. 

Mielių ir polimerų kompozitų elektrocheminės savybės 

Mielių ląstelių modifikacija polidopaminu kitaip nei polipirolo buvo iškart 
charakterizuojama elektrocheminiais metodais. Modifikavimo principai buvo 
adaptuoti pagal įžvalgas tiriant polipirolo modifikaciją, bei polidopamino 
cheminę sintezę. Todėl modifikacija polidopaminu buvo atskirta į du etapus: 
inkubacijos ir sintezės. Inkubacijos metu dopaminui buvo leidžiama 
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įsigerti/adsorbuotis į mielių ląstelių struktūras ribojant jo autopolimerizacija 
rūgštinėje terpėje. Toliau įdėjus žinomą kiekį analogiško šarminio fosfatinio 
buferio tirpalo (galutinis tirpalo pH 7,5), buvo inicijuojama dopamino 
autopolimerizacijia. Po skirtingomis sąlygomis atliktos modifikacijos, 
chronoamperometriniu metodu, pratekančioje trijų elektrodų 
elektrocheminėje celėje, buvo matuojamas elektrinis krūvis išgaunamas iš 
mielių. Pratekanti elektrocheminė celė buvo sukursta specialiai šiems 
tyrimams, naudojant stereolitrografijos 3D spausdinimą. Celės buvo sujungtos 
su atviro kodo peristaltinių pompų sistemą į daugybinių celių konfigūracija, 
su tikslu atlikti našius matavimus. Atlikus tyrimus, buvo nustatytos optimalios 
sąlygos mielių modifikavimui polidopaminu: 1 val. inkubacijos, 1 val 
(Fig. 16a ir b). Taip polidopaminu modifikuotos ląstelės toliau buvo taikomos 
mikrobiniame biokuro elemente. 

Analogiškai, polipirolo modifikacija, pagal chronoamperometrinius 
tyrimus, buvo adaptuota taikymui mikrobiniam biokuro elementui. 
Modifikacija polipirolu buvo sutrumpinta nuo 24 iki 2 val (Fig. 16e). 
Trumpesnės modifikacijos metu buvo stebimas geriausias elektrinis sistemos 
atsakas – išgautos elektros srovės krūvis buvo didžiausios tarp tirtų mėginių. 
Rezultatai atskleidė, kad pratekančioje sistemoje abi modifikacijos pagerina 
sistemų elektrinį atsaką. 

Optimizavus mielių modifikacijas polimerais buvo sukurti du klasikiniai 
dviejų elektrodų konstrukcijos mikrobiniai biokuro elementai. Eksperimentu 
metu buvo atliekami potenciometriniai matavimai atviros grandinės bei 
grandinės su apkrova principais. Rezultatai parodė, kad polidopamino mielių 
modifikacija yra tinkama mikrobinio biokuro elementui ir išgaunamos 
elektros galios tankis gali būti iki 5-6 kartų didesnis negu kontrolinių mėginių 
(Fig. 17). Modifikacija polipirolų vienareikšmiškų rezultatų neparodė, todėl 
buvo pripažinta netinkama naudojimui biokuro elementuose. 

Išvados 

Polipirolo ir polidopamino sintezė 

[Fe(CN)6]3- inicijuota polipirolo sintezė bei polidopamino 
autopolimerizacija buvo ištirta ir pagrindinės išvados yra šios: 
- Kai į polimerizacijos mišinį yra įdedamas [Fe(CN)6]4-, dėl tirpaluose 

esančio ištirpusio deguonies, jis pirmiausia yra oksiduojamas į 
[Fe(CN)6]3-. Tada susidaręs [Fe(CN)6]3- gali inicijuoti ar katalizuoti pirolo 
polimerizacijos reakciją. 
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- Polipirolo polimerizaciją atliekant su [Fe(CN)6]3-, reakcijos greitį galimą 
manipuliuoti keičiant reakcijos mišinio pH. Ir lėčiausiai reakcija vyksta 
neutraliame pH (pH 7,0). 

- Polipirolo dalelės didėja jas legiruojant [Fe(CN)6]4- jonais ir stebėtas 
didesnis legiravimo efektyvumas rūgštiniuose sintezės tirpaluose. 

- Polidopamino polimero sintezę galima kontroliuoti pakeičiant reakcijos 
mišinio pH iš 5,0 į 7,5. 

Mielių ląstelių polimero kompozito pagerintas cheminis bei fizinis 
atsparumas 

Darbe aprašomi rezultatai praplėtė supratimą apie mielių katalizuojamą 
polipirolo sintezę naudojant [Fe(CN)6]3-/4- redukcijos oksidacijos ciklą. Įvairūs 
metodai buvo pasitelkti įvertinant ir aprašant polipirolo ir mielių ląstelės 
kompozito susidarymą. Pagrindinės įžvalgos yra šios: 
- Atominių jėgų mikroskopija, žymėjimas konkovalinu A ir fermentinis 

skaidymas naudojant litikazę atskleidė, kad polipirolas mielių ląstelėse 
suformuoja mažus struktūrinius vienetus. 

- Atominio jėgų mikroskopijos jėgos įgilinimo eksperimentai atskleidė, kad 
polipirolas keičia mechanines ląstelių sienelės savybes: gilesniuose 
ląstelės sienelės sluoksniuose susidaręs polipirolas sutrikdo normalią 
sienelės struktūrą, o išoriniuose sluoksniuose - sustiprina sienelės 
struktūras. 

- Mielių ląstelės modifikuotos naudojant aukštesnės pirolo koncentracijas 
suformuoja tolygesnį polipirolo-mielių ląstelių sienelės kompozitą. 

- Iš izotopinio žymėjimo eksperimentų paaiškėjo kad, polipirolo 
lokalizacija įvyksta dėl pradinės pirolo monomero absorbcijos į mielių 
ląstelių sienelės struktūras. Ko pasakoje polipirolas susidaro tik aplink 
mielių sienelių struktūras. 

- Ląstelių sienelėje įkomponuotas polipirolas pagerina cheminį mielių 
ląstelių sienelių atsparumą, todėl polipirolų modifikuotos ląstelės tampa 
chemiškai atsparesnės tam tikriems aplinkos faktoriams. 

Pakeistos mielių-polimerų kompozitų elektrinės savybės 

Elektrocheminiai tyrimai atskleidė:  
- Chronoamperometriniai tyrimai pratenkančioje trijų elektrodų celėje 

atskleidė, kad atlikus trumpas (2 val.) modifikacijas tiek polipirolu tiek 
polidopaminu, ląstelės generuoja daugiau elektros krūvio negu mėginiai 
ilgiau modifikuoti vienu ar kitu polimeru. 
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- Potenciometriniai tyrimai atskleidė, kad mielių ląstelės modifikuotos su 
elektrolaidžiais polimerais pagerina krūvio pernaša. Biokuro elemento 
paremto polidopamino modifikacija, maksimalus galios tankis padidėja 
iki 113 µW/m2 ties 21 mV kai kontrolės galios tankio maksimumas buvo 
50 µW/m2 ties 14 mV. Tuo metu polipirolo modifikacija pagrista biokuro 
elemento galios tankis, lyginant su kontrole, padidėjo nuo 84 mW/m2 ties 
18 mV iki 115 mW/m2 ties 21 mV. 

Autoriaus indėlis 

Autorius yra eksperimentatorius. Didžioji dalis eksperimentų bei 
matavimų buvo sugalvoti ir atlikti autoriaus. Visų pateiktų publikacijų 
pradiniai juodraščiai buvo sukurti autoriaus. Taip pat ženklus redagavimas ir 
formatavimas, grafinių elementų kūrimas buvo atliktas autoriaus. Detalesnis 
indelis aprašomas žemiau publikacijų sąraše. 

 
  



83 
 

PUBLICATION LIST AND OTHER PUBLICITY 

I [29] Ramanavicius, A., E. Andriukonis, A. Stirke, L. 
Mikoliunaite, Z. Balevicius, and A. Ramanaviciene, Synthesis of polypyrrole 
within the cell wall of yeast by redox-cycling of [Fe(CN)6]3−/[Fe(CN)6]4−. 
Enzyme and Microbial Technology, 2016. 83: p. 40-47. 
http://dx.doi.org/10.1016/j.enzmictec.2015.11.009 

The author designed most of the experiments, performed all experiments 
and most of the measurements, constructed initial manuscript draft, performed 
extensive manuscript editing, formatting, generated all graphics, and prepared 
for publishing. 
 

II [30] Andriukonis, E., A. Ramanaviciene, and A. Ramanavicius, 
Synthesis of Polypyrrole Induced by Fe(CN)(6) (3-) and Redox Cycling of 
Fe(CN)(6) (4-)/ Fe(CN)(6) (3-). Polymers, 2018. 10(7): p. 12. 
https://doi.org/10.3390/polym1007074 

The author designed and performed all experiments and almost all 
measurements. Constructed initial manuscript draft, performed extensive 
manuscript editing, formatting, generated all graphics, and prepared for 
publishing. 
 

III [68] Andriukonis, E., A. Stirke, A. Garbaras, L. Mikoliunaite, A. 
Ramanaviciene, V. Remeikis, B. Thornton, and A. Ramanavicius, Yeast-
assisted synthesis of polypyrrole: Quantification and influence on the 
mechanical properties of the cell wall. Colloids and Surfaces B: Biointerfaces, 
2018. 164: p. 224-231. 
https://doi.org/10.1016/j.colsurfb.2018.01.034 

The author designed most of the experiments, performed all experiments, 
and almost all measurements. Constructed initial manuscript draft, performed 
extensive manuscript editing, formatting, generated all graphics, and prepared 
for publishing. 
 

IV [98] Andriukonis, E., R. Celiesiute-Germaniene, S. 
Ramanavicius, R. Viter, and A. Ramanavicius, From Microorganism-Based 
Amperometric Biosensors towards Microbial Fuel Cells. Sensors, 2021. 
21(7): p. 2442. 
https://doi.org/10.3390/s21072442 



84 
 

The author constructed initial manuscript draft and wrote Sections 1,2,5, 
and 6, performed extensive manuscript editing, formatting, generated some 
graphics, and prepared for publishing. 
 

V [102] Andriukonis, E., V. Reinikovaite, and A. Ramanavicius, 
Comparative study of polydopamine and polypyrrole modified yeast cells 
applied in biofuel cell design. Sustainable Energy & Fuels, 2022. 
https://doi.org/10.1039/D2SE00634K  

The author constructed initial manuscript draft, designed and constructed 
experimental tools, designed experiments, performed some experiments and 
measurements. Performed extensive manuscript editing, generated some 
graphics and prepare for publishing. 
 
Copyrights to publishing 

Publication I and III were published by Elsevier. Articles are not open 
access publications. However, authors retain rights to original material be used 
in theses, dissertation or other schoolar purposes. Thus, full 
acknowledgements to original publication should be provided as requested by 
publisher. Detailed information can be found here: 
https://www.elsevier.com/about/policies/copyright#Author-rights 
 

Publications II and IV were published by MDPI. Articles are open access 
publications and are published under Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/). Full 
official citations of these open access articles with active DOI link are 
provided. 
 

Publication V was published by Royal Society Of Chemistry. This article 
is not an open access publication. However, authors retain rights to original 
material be used in theses, dissertation or other schoolar purposes. Thus, full 
acknowledgements to original publication should be provided as requested by 
publisher. Detailed information can be found here: 
https://www.rsc.org/journals-books-databases/author-and-reviewer-
hub/authors-information/licences-copyright-
permissions/#acknowledgements 
 
International conferences 
 



85 

1. Open readings 2019, Vilnius, Lietuva, Hanna Yeliseyeva, Eivydas
Andriukonis, Arūnas Stirkė „Laccase II protein display with the ysd system
aga1 - aga2“;
2. Open readings 2021, Vilnius, Lietuva, Eivydas Andriukonis, Marius
Butkevičius „Hydrogel based micro Ag/AgCl reference electrodes. quick
prototyping of reference electrodes“;

3. Open readings 2021, Vilnius, Lietuva, Martynas Raila, Eivydas
Andriukonis, Arūnas Ramanavičius „SLA 3D printing application for fast
electrochemical device prototyping“;

4. Open readings 2022, Vilnius, Lietuva, Viktorija Reinikovaitė , Eivydas
Andriukonis, Arūnas Ramanavičius „Polydopamine and polypyrrole
application in yeast biofuel cells: a short polymer synthesis for better
function“.

Patent 

Eivydas Andriukonis, Arūnas Stirkė, Lina Mikoliūnaitė, Zigmas Balevičius, 
Almira Ramanavičienė, Arūnas Ramanavičius, “Pyrrolo bio-polymerization 
using redox mediator“ (liet. „Pirolo bio-polimerizacija naudojant redokso 
tarpininką“, LT6239B,The State Patent Bureau of the Republic of Lithuania 



94 



95 



96 



97 



98 



99 



100 



101 



102 



103 



104 



105 



114 



115 



116 



117 



118 



119 



120 



121 



122 



123 



124 



125 



126 



127 



128 



129 



130 



131 



132 



133 



134 



135 



136 



146 

NOTES 



147 
 

NOTES 

  



148 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Vilniaus universiteto leidykla 
Saulėtekio al. 9, III rūmai, LT-10222 Vilnius 
El. p. info@leidykla.vu.lt, www.leidykla.vu.lt 

bookshop.vu.lt, journals.vu.lt 
Tiražas 15 egz. 




