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Abstract 

Naturally formed microbial communities are present in the form of cellular aggregates that 
create a set of diverse biochemical pathways through cross-feeding between the members 
of the microbial community. One of the most important factors so that some biochemical 
reactions can occur is the appropriate spatial placement of a particular bacterium with its 
metabolic capability, which results in the formation of closed biogeochemical cycles that 
increase metabolic efficiency and robustness of the community. Even though many bacteria 
have a set of optimized metabolic traits, the absence of the initial conditions, which 
promote the attachment of compatible bacteria, prevents them from forming closed 
biochemical cycles. If we provide the conditions to first, couple the cells together, and 
second, make them compatible, we can assemble different bacteria in flocs, similarly as it 
occurs in nature. Since bacteria are charged, it allows us to alter their cell charge using 
electrostatic deposition of oppositely charged polyelectrolyte (PE). As a result, oppositely 
charged bacterial cells can be attached to each other or to the surface of a material merely 
by electrostatic interaction. Therefore, to be able to simulate the naturally aggregated 
cellular structures, we aimed to develop a method to modify the bacterial cell surface using 
the strategy of PE deposition. We used it to study the biological responses caused by the 
changes in the properties of the cell surface and the physical confinement of cells. 
Knowledge of biological responses can be further used to our advantage. The construction 
of artificial aggregated structures allows us to carry out specific biogeochemical cycles in 
applicative setups for bioremediation, biotechnology or biomedicine.  

The main goal in our study was to prepare the approach for the deposition of tailor-
made PE coatings on the surface of a bacterial cell, which altered the cell surface charge, 
controlling the time of the first cellular division and the formation of cell aggregation. The 
thickness of the coating determined the delay of cell division and the increase in cell size 
and the production of Green Fluorescent Protein (GFP) up to 2 and 5 times, respectively. 
In some cases, the introduction of the PE coating led to a decrease in cell viability, 
therefore, we selected two strains, based on their resistance to the PEs, to assess the effect 
of PEs on cell viability and to find the conditions that would not reduce it. The toxicity 
of PEs was found to be dependent firstly, on the strain, and secondly, on the conditions of 
exposure to the PEs, which was manifested by different outcomes in viability. In order to 
improve cell viability, we used two approaches: (i) using a decreased PE concentration and 
(ii) using acetylation to reduce the positive PE, which both enabled us to safely use the 
PEs for various bacterial strains. We also extended the applicative potential of our method 
by combining it with graphene and paramagnetic nanoparticles (NPs).   

In conclusion, we prepared a versatile method for the preparation of artificial aggregates 
based on the electrostatic method, which allows us to study the physiology of bacterial 
cells and to produce artificial cellular structures with potential for biotechnological, 
biomedical and environmental solutions. 
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Povzetek 

Naravno oblikovane mikrobne združbe so prisotne v obliki celičnih agregatov, ki z 
navzkrižnim izmenjevanjem metabolitov med člani združbe ustvarjajo niz različnih 
biokemičnih poti. Eden najpomembnejših dejavnikov, da se določene biokemične poti med 
bakterijami vzpostavijo, je ustrezna prostorska umestitev določene bakterije z njeno 
presnovno sposobnostjo znotraj bakterijske združbe. Nastanek zaprtih biogeokemičnih 
ciklov poveča presnovno učinkovitost in robustnost celotne združbe. Čeprav imajo številne 
bakterije niz optimiziranih presnovnih lastnosti, odsotnost začetnih pogojev, ki spodbujajo 
vezavo kompatibilnih bakterij, preprečuje, da bi te tvorile zaprte biokemične cikle. Če 
zagotovimo primerne pogoje na način, da najprej omogočimo združevanje celic med seboj 
in nato združimo skupaj najbolj kompatibilne, lahko sestavimo različne bakterije v skupke, 
podobno kot se to dogaja v naravi. Ker so bakterijske celice na površini nabite, lahko ta 
naboj spreminjamo z elektrostatičnim nanašanjem nasprotno nabitega polielektrolita (PE). 
Posledično se lahko nasprotno nabite bakterijske celice pritrdijo med seboj ali na površino 
materiala zgolj z elektrostatično interakcijo. Za simulacijo naravno združenih celičnih 
struktur smo želeli razviti metodo za spreminjanje površine bakterijske celice s pomočjo 
strategije odlaganja PE. Z njim smo preučevali biološke odzive, ki jih povzročajo 
spremembe lastnosti celične površine in fizična ujetost celic. Znanje o bioloških odzivih 
lahko tako uporabimo v svojo korist. Konstrukcija umetnih agregatnih struktur nam 
omogoča izvajanje posebnih biogeokemičnih ciklov v aplikativnih rešitvah na področjih 
bioremediacije, biotehnologije ali biomedicine. 

Z našo raziskavo smo razvili pristop za nanašanje PE na površino bakterijske celice, s 
čimer smo spremenili naboj celične površine, nadzorovali čas prve celične delitve in vplivali 
na nastanek celične agregacije. Debelina prevleke je določila zakasnitev delitve celic in 
povečanje velikosti celic ter proizvodnjo zelenih fluorescentnih beljakovin (GFP) do 2 -krat 
oziroma 5 -krat. V nekaterih primerih je uvedba premaza PE povzročila zmanjšanje 
sposobnosti preživetja celic, zato smo na podlagi njihove odpornosti proti PE izbrali dva 
seva, da bi ocenili učinek PE na sposobnost preživetja celic in našli pogoje, ki niso zmanjšali 
preživetja. Ugotovili smo, da je toksičnost PE vezana na bakterijski sev in na pogoje 
izpostavljenosti PE, kar se je pokazalo z različnimi sposobnostimi preživetja bakterij. Za 
izboljšanje sposobnosti preživetja celic smo uporabili dva pristopa: (i) uporabo zmanjšane 
koncentracije PE ali (ii) uporabo acetilacije za zmanjšanje pozitivnega naboja PE, kar nam 
je omogočilo varno uporabo PE za vse bakterijske seve. Razširili smo tudi uporabni 
potencial naše metode, tako da smo jo združili z nanašanjem grafenskih in paramagnetnih 
nanodelcev (NP). 

Metoda, ki smo jo razvili z raziskavo deluje na osnovi elektrostatične interakcije med 
delci, je vsestranska za pripravo umetnih skupkov, ki imajo različne presnovne sposobnosti 
in nam omogoča preučevanje fiziologije bakterijskih celic in izdelavo umetnih celičnih 
struktur s potencialom za biotehnološke, biomedicinske in okoljske rešitve. 
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Chapter 1 

1 Introduction 

There is a growing demand for using environmentally friendly and sustainable technologies 
that should decrease the impact on the environment. Currently, the most promising cases 
to reach sustainability are based on the use of indigenous or synthetic consortia of bacteria 
in setups of oil bioremediation (Brune & Bayer, 2012; Shankar et al., 2014), pesticide 
degradation (Jariyal, Jindal, Mandal, Gupta, & Singh, 2018), wastewater treatment 
(Hassan et al., 2018) and production of biochemicals (Bhatia et al., 2018). The use of 
consortia is also beneficial for microbes that are part of consortia as it increases metabolic 
stability and robustness. The naturally occurring microbes are environmentally safe and 
active against specific contaminants, originating from industrial plants. However, such 
solutions can be even more efficient and long-lasting if we structure the consortia in the 
desired manner and increase its stability, which is currently problematic (Bhatia et al., 
2018).  

In order to increase the efficiency of the cell consortia, the introduction of genetic 
elements could be used. However, for many microbial metabolic processes that occur in 
nature, the use of Genetically Modified Organisms (GMO) is not suitable as genetic 
elements have associated antibiotic resistant genes, which can be easily transferred by other 
organisms, spreading the genes for drug resistance in the environment (Hoque & Fritscher, 
2019). In addition, the use of GMOs also presents several drawbacks, such as (i) the choice 
of metabolic reactions is limited by the plasmid size, which usually does not exceed 1-2% 
of the total genome (Norman et al., 2014; Shintani, Sanchez, & Kimbara, 2015), (ii) the 
stability of genetic elements is problematic in many cases since the gene source and acceptor 
might be very different, which leads to lower compatibility of the inserts, and (iii) it is 
hard to keep selection pressure on plasmids as metabolic pathways of plasmids are not 
important for survivability of modified strains, which makes the plasmid not energetically 
favorable for the replication. 

Rather than using GMO, we envision a solution that would enable to form a united 
structured community composed of different species through: (i) the appropriate spatial 
arrangement of cells for closing biogeochemical cycles and minimizing their energy, (ii) the 
confinement of cells for keeping the obtained consortia ordered, and (iii) the use of different 
bacteria to intensify and balance compatibility. In addition, our idea can help to solve 
GMO limitations, as the genes are used according to the local environment and close 
distance, meaning it would be possible to maximize the use and replication of these inserts 
if we initially order cells in consortia. 

Bacterial communities in nature form a variety of diverse metabolic pathways through 
the interaction of their members, which leads to the development of sustainable biological 
cycles. Such joint communities are present in the environment as multispecies aggregates 
of flocs, biofilms, mats or granules. Within the biofilms bacteria are arranged to be 
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compatible with other microbes, which makes them energy effective and metabolically 
robust (Freilich et al., 2011; Welch, Rossetti, Rieken, Dewhirst, & Borisy, 2016). Their 
coexisting results in the formation of specific niches by exposing various receptors to 
promote surface interaction, modulating ecological niches (by changing pH or oxygen), or 
providing metabolites to selectively choose cells that enter the biofilm (Bucci, Nadell, & 
Xavier, 2011; Jakubovics, 2015; Stadler, Wei, Fürbeth, Grooters, & Kukliński, 2010). 
Usually bacteria are entrapped in polysaccharide matrices that protect the cells from the 
external influence and facilitate nutrient and signal exchange within these aggregates 
(Dragoš & Kovács, 2017). In such a matrix, the cells are cross-feeding each other, living on 
“waste” products of the metabolic partners. We can envision that such compact and 
isolated entities composed of different bacterial cells already have a wide range of chemical 
reactions, which are well optimized for the particular biological pathway. Probably, by a 
simple rearrangement and positioning of cells, it would allow us to create unique metabolic 
pathways that can be re-designed for each specific task. Additionally, if we specifically 
arrange the cells, we would be able to control various conditions as distribution of aerobic 
and anaerobic cells, their ability to attach and to form a biofilm. Therefore, if we want to 
make a viable system, which is based on combining different microbial cells with specific 
metabolic traits, we would need to provide them with such conditions as they occur in 
nature. 

However, most cells do not tend to interact very well since (i) they might compete 
(Nadell, Drescher, & Foster, 2016), (ii) they cannot attach on the surface of other cells 
(Rendueles & Ghigo, 2015), or (iii) perhaps they need very defined conditions to promote 
the formation of multispecies structures, which they do not have. Therefore, it is expected 
that the solution to force cells to form multicellular structures should require using 
strategies for surface modification, which would physically enable the attachment of one 
cell to another. The closest strategies to above mentioned criteria for coupling cells together 
are based on confinement of cells in different matrices. Although physical attachment 
should be relatively simple since cells can be merely embedded in matrices, it requires 
careful management of bacteria in order to keep the activity of culture and to build a 
compatible system for preparation of cell-to-cell couples (Balkundi, Veerabadran, Eby, 
Johnson, & Lvov, 2009). Since physical matrices have lowered diffusion due to gel-like 
structure (Tanaka, Matsumura, & Veliky, 1984) and do not enable constant spatial 
distribution (Allan-Wojtas, Hansen, & Paulson, 2008), they might not be appropriate for 
precise physical positioning of cells. In contrast, the most suitable approach of confinement 
would be when a cell is attached to another cell with some sort of glue, which would not 
limit diffusion of metabolites, but would firmly keep cells together. In relation to that, the 
strategy that enables merely electrostatic interaction and as a result, simple physical 
coupling of cells, can be a Layer-by-Layer (LbL) approach based on altering cell surface 
charge by deposition of the charged PEs (Hillberg & Tabrizian, 2006). The concept of the 
preparation of such aggregates is presented in Figure 1.1. 
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Figure 1.1: Preparation of cell aggregates. 

However, any sort of confinement and manipulations with cells based on electrostatic 
interaction are expected to affect the physiology of bacteria, as it inevitably alters surface 
charge and creates a physical barrier. Therefore, it can affect the attachment, the growth 
or the nutrient transport. Since the approach is based on using electrostatically attractive 
charges, we can expect that sometimes it can lead to a change in viability, since not all 
bacteria can tolerate positively charged molecules on the membrane. Moreover, it would 
be hard to specifically coat a single cell, preventing other bacteria from random co-
aggregation, keeping a high precision of the consortia.   

It is thus needed to summarize available findings and carefully redesign or develop the 
optimal solution to uniformly coat the bacteria and to provide them the most suitable 
growth conditions. 

Therefore, the main purpose of this work was to elaborate approaches that would allow 
bacteria to be manipulated in such a way that they can be arranged in the form of single 
cells or precise aggregates, not reducing viability. To achieve this purpose, we aimed to 
study different aspects of the cell physiology and physicochemical characteristics of such 
systems. We also aimed to show several proofs of concepts that the use of confinement of 
bacteria might be extremely beneficial for biotechnological as well as medical applications.  

Since the method for preparing the aggregated cells based on electrostatics would be a 
multi-step process, it is also needed to evaluate the developed solutions and to specify the 
problems that arise from various steps. We would also need to consider potential benefits 
or limitations of the conventional methods as it can help us either to use the most promising 
parts or to avoid the most problematic ones for preparing our solution.  
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1.1 Conventional Approaches for Confinement of Cellular 

Biomass 

1.1.1 Matrix entrapment 

The application of confinement matrices is an integral part of biotechnological processes 
since, on the one hand, it allows to protect embedded cells from physical influence, and on 
the other hand, it facilitates the product separation from the bacterial culture (Bayat, 
Hassanshahian, & Cappello, 2015). In some cases, the immobilization of cells can increase 
metabolic stability and reduce competition between bacteria (Lu et al., 2020). The 
immobilization approach found wide application in development of sustainable agriculture 
(Ajeng et al., 2020), bioremediation (Gentili, Cubitto, Ferrero, & Rodriguéz, 2006) and 
wastewater treatment (Covarrubias, de-Bashan, Moreno, & Bashan, 2012; Horemans et al., 
2017). 

The confinement requires the use of matrices that can keep biomass attached to the 
surface of the matrix. Matrices can be composed of various biocompatible and 
biodegradable components as natural polysaccharides, proteins, polypeptides, lipids or 
synthetic polymers (Martín, Lara-Villoslada, Ruiz, & Morales, 2015; Vemmer & Patel, 
2013). The application of matrices increases mechanical stability and, in the meantime, 
protects bacteria from colonization by other microbes (Covarrubias et al., 2012). Moreover, 
confined cells are protected from the external abiotic influence, surviving even at a very 
low pH (Ding & Shah, 2009) or tolerating changes in temperature or mechanical stress 
(Abbaszadeh, Gandomi, Misaghi, Bokaei, & Noori, 2014; Vemmer & Patel, 2013). When 
conditions become suitable for growth, bacteria can be safely released from the confinement 
matrix, keeping their metabolic activity (Mirtič et al., 2018). To increase mechanical 
stability, bacteria can also be absorbed onto various natural porous non-degradable carriers 
that are later entrapped in the matrix. Carriers are especially needed when prepared setups 
are used in environmental conditions for bioremediation or wastewater processing as they 
might reduce shear stress, gazing of bacteria by protozoa (Horemans et al., 2017) as well 
as flushing cells out of the system (Bayat et al., 2015). However, in many cases, bacteria 
can be immobilized in a matrix and fabricated without any solid support, which is still 
sufficient to preserve activity of the culture (Kailasapathy, 2002). Therefore, the choice of 
matrices for the cell immobilization is designed according to conditions where the setup is 
going to be applied. 

1.1.2 Limitations of nutrient transport and difficulties in precise 

orientation of cells during biomass entrapment 

Current approaches for the fabrication of confined cells are based on various techniques as 
encapsulation, extrusions, emulsions and microfluidics, cell immobilization, electrospinning 
and others (Alkayyali, Cameron, Haltli, Kerr, & Ahmadi, 2019; Kailasapathy, 2002; 
Vidhyalakshmi, Bhakyaraj, & Subhasree, 2009). By using a combination of different 
approaches for immobilization and selecting different matrices with carriers, it allows to 
design specific properties of the matrices and to prepare confined cells in the optimal way 
(Martín et al., 2015).  

However, despite the wide use of such approaches they face several limitations when 
bacteria are entrapped in the matrices as (i) limited diffusion of the nutrients, (ii) low 
accuracy of the spatial organization, (iii) lowered viability of cells, (iv) degradation of 
matrices, (v) low strength of matrices, and (vi) cells cannot be attached directly onto the 
surfaces. Since the applied matrices have a gel-like structure, the nutrient flow depends on 
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the thickness and concentration of the matrix material, its charge and size of pores (Idris 
& Suzana, 2006). Although compounds with a low molecular weight (up to 2 ⋅ 104 Da) have 
been shown to freely pass through the matrix pores, diffusion of compounds with a high 
molecular weight (6,9 ⋅ 104 Da and 1,5 - 3,4 ⋅ 104 Da) is restricted (Tanaka et al., 1984), 
which decreases metabolic choice of products or nutrients for this system.  

Several studies have shown that cells are randomly distributed within the beads, making 
it difficult to precisely arrange bacteria in spatial structures (Gbassi, Vandamme, Ennahar, 
& Marchioni, 2009; Sohail, Turner, Coombes, Bostrom, & Bhandari, 2011; Zohar‐Perez, 
Chet, & Nussinovitch, 2004). Since it is hard to disperse cells in a very precise and separate 
manner, we expect the formation of cellular aggregates, which might deplete oxygen locally. 
A decrease in the oxygen inward within the matrices can lead to a significant reduction in 
the viability of aggregated bacteria (Orive, Hernandez, Gascon, Igartua, & Pedraz, 2003). 
Viability can be improved either by entrapment of bacteria in smaller beads to facilitate 
diffusion of oxygen and nutrients or cells have to be well dispersed to prevent aggregation. 
However, dispersion of cells is clearly not the case, especially when aggregates need to be 
prepared (e.g. formation of biofilms or flocs).  

Since matrices also have elastic properties, depending on the matrix composition, the 
Young’s modulus of the beads ranges between of 5-1000 kPa, while tensile strength is 
between 55 to 1900 kPa (Chan et al., 2011; Distler et al., 2021; Ramdhan, Ching, Prakash, 
& Bhandari, 2020). Although, the values of the Young’s modulus can be significantly 
increased up to 77 MPa (Ramdhan et al., 2020), an increase from 5 kPa to 10 kPa can lead 
to an approximately twofold decrease in the diffusion of 1 kDa size compounds (Capone et 
al., 2013). In some cases, confinement with low diffusion was shown to artificially induce 
quorum sensing at the single cell level since such matrix does not enable proper diffusion 
of metabolites from cells (Carnes et al., 2010). 

1.1.3 The effect of confinement on physiology of cells 

In fact, all cells are experiencing a situation of confinement within natural extracellular 
matrices. Bacteria get confined when they accumulate at interfaces to form polymicrobial 
aggregates such as films, mats, flocs, sludge, granules or ‘biofilms’. In addition, most 
bacteria in soil and bedrock live in pores of 6 µm size or smaller (Ranjard & Richaume, 
2001), and during host infection the bacteria are constrained in the confined space of soft 
tissues and bones or inside artificially implanted medical devices. 

It is very obvious that the confinement matrix surrounding cells represents a barrier for 
diffusion of substances in both directions, either towards or from the cells. This diffusion 
barrier can be beneficial, on the one hand, for bacteria when exposed to antimicrobial 
acting substances (Tseng et al., 2013), or, on the other hand, disadvantageous since it 
reduces the diffusion rate of nutrients and gasses (McLean et al., 2008; Stewart et al., 
2016). As a result, conditions of limited diffusion or nutrient sink caused by cells both 
enable the formation of various niches with specific physicochemical conditions within 
biofilms.  

Another important property of the confinement matrix is that it provides a mechanical 
barrier. The matrix can prevent bacteria to get detached from the surface under very strong 
flow conditions (Abe, Polyakov, Skali-Lami, & Francius, 2011), or mechanically disable the 
invasion of bacteria from outside into biofilms (Nadell, Drescher, Wingreen, & Bassler, 
2015) and also protects cells from protozoan and macrophage grazing (Matz & Kjelleberg, 
2005). Substantial evidence is shown that the same mechanical force that is protecting the 
cells can also prevent entrapped cells from escaping from the matrix. In such conditions 
within the matrix and narrow constrictions bacterial cells adapt to mechanical strengths 
by changing their shape (Amir, Babaeipour, McIntosh, Nelson, & Jun, 2014) and radius as 
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they generate forces by growth and division that compel themselves through the 
constrictions and pores (Männik, Driessen, Galajda, Keymer, & Dekker, 2009).  

From another perspective, one can hypothesize that the force that the cells need to 
struggle during growth should counteract the growth of the cells and reduce their growth 
speed and division. However, due to the super-positioning of mechanical effects of 
confinement with the effects of restrictions of the diffusion, it is currently not possible to 
study these two effects separately. For example, if we study mechanical effects on cell 
growth by exposing bacterial cells to elevated hydrostatic pressure, it will increase the 
solubility of gasses (Ishii, Sato, Wachi, Nagai, & Kato, 2004; Kato, Sato, & Horikoshi, 
1995). If we use a microfluidic chamber, it will decrease the availability of nutrients between 
different cells either by the restriction of diffusion through the chamber walls or through 
the uptake of nutrients by the surrounding cells (Burmeister et al., 2019; Stewart et al., 
2016).  

In contrast, the confinement of bacteria in PE matrices should not reduce diffusion 
properties in contrast to entrapment in natural or artificial gel matrices. Cells coated in a 
permeable PE mesh will only experience a physical barrier that opposes cell division but 
keeps the nutrient flow. Since the Young’s modulus of coatings can be very high (up to 
300 MPa), it should create sufficient force, which can even oppose cell division (pressure 
above 50 MPa can already stall division (Bartlett, 2002)). Thus, we can observe an extreme 
case, where the coated cells are alive, but mechanically restricted from division. 

 Although the LbL procedure has been proven to be used in encapsulation of different 
eukaryotic cells and bacteria (Fakhrullin & Lvov, 2012; Franz et al., 2010; Hillberg & 
Tabrizian, 2006), LbL layers have not been shown to affect growth and division only by 
mechanical force. In several studies, researchers have shown a delay in growth of the yeast 
cells (Kozlowskaya et al., 2011), the cells of Staphylococcus epidermidis (Jonas et al., 2018) 
and Bacillus subtilis strain (Balkundi et al., 2009). This delay could be attributed to the 
toxicity of the procedure of PE deposition, which can lead to viability of a small fraction 
of cells, resulting in a false prolonged lag phase observed in the measurement of optical 
densities (OD). Another factor that can cause a delay is the formation of aggregates, 
resulting in lower diffusion rates of cells kept inside the aggregates and suboptimal growth 
detected by the measurements of OD. 

If we optimize the procedure and prepare a non-toxic coating on a single cell, we should 
observe the pure mechanical effect of such confinement. We assume cells will pass some 
stages of biological adaptation to compensate the presence of the coatings. In this case, 
confinement might change the cell morphology (Ishii et al., 2004; Männik et al., 2009; 
Yayanos & Pollard, 1969), leading either to expected change in metabolic profiles or to an 
effect on the population level when cells are forming different microcolonies and biofilms 
(You, Pearce, & Giomi, 2021). Therefore, we will study the changes in physiology of the 
cells confined in PE capsules and analyze to which extent the bacteria can oppose the 
mechanical force of PE capsule in Section 3.1. 

1.2 Confinement of Individual Cells Based on Electrostatic 

Interaction 

From a physical point of view, we could avoid problems with diffusion if the matrix 
represents a porous mesh rather than a gel. For the preparation of such a mesh, we can 
apply a simple LbL method of consequent PE adsorption. Since most surfaces are charged, 
in physical experiments inanimate templates were used for deposition of the oppositely 
charged PEs by electrostatic interaction (Decher, Eckle, Schmitt, & Struth, 1998). The 
mesh of the PEs can be fabricated either in the form of a film (Decher et al., 1998), or in 
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the form of microcapsules (Sukhorukov et al., 1998), depending on the type of the template. 
PEs might be promising gluing materials that could couple and firmly hold different 
bacteria together. Each pair of PEs contributes only 2-3 nm to the thickness, allowing the 
preparation of ultra-thin tailor-made coatings (Sukhorukov et al., 1998). Since PE capsules 
form a porous mesh, 4 kDa molecules (or even up to 70 kDa) can pass unobstructed through 
the pores under physiological condition (Tong, Dong, Gao, & Möhwald, 2005), maintaining 
appropriate rates of nutrient and gas exchange in the cells. In contrast to the diffusive 
properties of gel matrices as alginate or hydrogels, an increase in the thickness of the 
capsule due to the deposition of more nano-thick layers of PEs does not significantly affect 
the diffusion of molecules through the coatings (Georgieva, Moya, Donath, & Bäumler, 
2004; Kozlovskaya et al., 2011). Moreover, using the capsule properties, it could help 
protect bacteria from biotic or abiotic factors by merely physical (e.g. light, magnetic field, 
ultrasound) or chemical methods (e.g. pH, ionic strength), (Delcea, Möhwald, & Skirtach, 
2011; J. H. Park et al., 2014). By selecting the most appropriate PEs, the formed capsules 
can facilitate the attachment of bacteria onto various surfaces as the surface of the gut 
epithelia or increase the viability of probiotic bacteria in harsh bile conditions (Anselmo, 
McHugh, Webster, Langer, & Jaklenec, 2016; Priya, Vijayalakshmi, & Raichur, 2011). In 
addition, the surface of the shells can even be additionally ornamented using enzymes or 
NPs that can facilitate degradation of various types of substrate (T. Liu et al., 2019; J. H. 
Park et al., 2014). Since PE capsules are extremely durable, tolerating high pressures up 
to 300 MPa (Vinogradova, 2004), it will also allow studying physiology of cells present 
under physical constraint being not dependent on diffusion and viability. Due to the high 
values of Young’s modulus, we can expect to regulate cell growth as it would take a certain 
amount of time for cells to resist the force of the capsules. 

In simple terms, bacterial cells can be considered as negatively charged surfaces that 
can be used as templates for the PE deposition, similar to inanimate surfaces. In physical 
experiments on surface modification, it has been demonstrated that the bacterial surface is 
suitable for consequent adsorption of oppositely charged PEs, resulting in preparation of 
uniform PE coatings on the cell surface (Franz, Balkundi, Dahl, Lvov, & Prange, 2010). 
However, the development of an efficient and extremely accurate strategy for confinement 
of cells based on electrostatics will require careful management of bacteria in order to keep 
the activity of the culture and to enable the formation of cell-to-cell couples. It has been 
clearly shown that such surface modification leads to high aggregation (Franz et al., 2010) 
and sometimes to a decrease in viability (Drachuk et al., 2015; Fakhrullin et al., 2009; 
Jonas et al., 2018; Kozlovskaya et al., 2011), which limits either the application of the 
procedure or  the number of strains suitable for use.  

Most importantly, since biological properties of the cells were not considered in the 
demonstrated cases, it could result in lowered viability, low spatial organization of cells 
and uncontrollable aggregation. Therefore, compared to an inanimate surface, the safe and 
accurate deposition of PEs on bacteria can be very problematic due to the specific 
properties of cells: (i) bacteria can divide within 20 minutes, (ii) the cell membrane is more 
fluid and mechanically softer than in eukaryotes, (iii) the bacterial size is very small, (iv) 
some strains are sensitive to positively charged molecules, (v) the membrane can have 
specific appendages as flagella or pili. In addition, being entrapped in a strong PE mesh, 
living bacteria must somehow resist the coating, adapting their metabolism. Key 
limitations and expected advantages for preparing coating procedure are summarized in 
Figure 1.2. 
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Figure 1.2: Key limitations and advantages for preparing coated cells. 

In summary, the preparation of optimal and safe solution would require to solve the 
following problems: (i) the toxicity of the positively charged PEs and their coatings, (ii) 
the unknown effects of confinement on the metabolism of the cells, (iii) the control of 
colloidal stability, which prevents or precisely controls the aggregation or attachment of 
cells. Therefore, the present work will be focused on the development of methods that allow 
to safely confine bacterial cells in PE matrices, study the physiological changes of confined 
bacteria and analyze toxicity aspects when different PEs are introduced to cells. 

1.2.1 Application of positively charged polyelectrolytes to bacterial cells 

shows different outcomes in terms of viability 

Although PEs are used to prepare capsules on the cell surface, they have also been clearly 
shown to be toxic to bacterial cells and the reasons of the ambiguities in viability have not 
been elucidated. There have been many studies demonstrating the general application of 
bactericidal PEs to inhibit bacterial growth by preparing bactericidal surfaces or solutions 
(Brogden, 2005; Carmona-Ribeiro & de Melo Carrasco, 2013; Epand & Vogel, 1999; Fjell, 
Hiss, Hancock, & Schneider, 2012; Jain et al., 2014; E.-R. Kenawy, Worley, & Broughton, 
2007). In cases when PE capsules or cationic peptides were toxic (Jonas et al., 2018; 
Kozlovskaya et al., 2011), they induced the formation of pores in the bacterial membrane, 
causing cell lysis (Carmona-Ribeiro & de Melo Carrasco, 2013; Gee et al., 2013). However, 
we observed that the levels of toxicity are not the same between bacteria, since either 
Gram-negative bacteria (Gibney et al., 2012; E.-R. Kenawy et al., 2007; Thoma, Boles, & 
Kuroda, 2014) or Gram-positive bacteria were found to be more resistant to PEs (Jain et 
al., 2014; Y. Li, Xiang, Zhang, Huang, & Su, 2012).  

Since the same PEs were used either for the bactericidal surface or entrapment, the 
introduction of PEs by the LbL method should also be toxic. However, unlike the 
aforementioned cases of toxicities, in the coating of yeasts (Fakhrullin et al., 2009), 
bacterial cells (Franz et al., 2010; Hillberg & Tabrizian, 2006; Priya et al., 2011) or bacterial 
spores (Balkundi et al., 2009), the authors did not determine a decrease in viability caused 
by PEs or just observed prolonged time of the lag phase. Moreover, several studies reported 
that positively charged PE coatings are not toxic even when they are introduced in several 
layers (Drachuk et al., 2012; Fakhrullin et al., 2009; Franz et al., 2010; Priya et al., 2011).   
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In these cases, the lack of toxicity can be caused by several reasons: (i) the strains used for 
coatings were resistant to PEs, (ii) the cells were aggregated, which reduced the exposure 
to PEs, thus less lowering viability, (iii) only a small amount of cells survived at the 
population level, resulting in the prolonged lag phase, or (iv) since a certain number of 
cells can survive exposure to a bactericidal surface, bacteria exposed to the coated surface 
might have very different conditions than bacteria coated in PE layers. In our preliminary 
experiments, we observed a strain-dependent toxicity of LbL coatings even within Gram-
negative groups of bacteria. We also preliminarily determined that a strain, which is 
resistant to LbL coating, might be sensitive to the exposure to a bactericidal surface or a 
bactericidal solution, consisting of the same PEs. Based on these findings, we expect that 
toxicity may be in some way related to specific differences between bacterial strains and 
exposure conditions.  

Therefore, such ambiguities clearly call for development of a new systematic approach 
to comprehensively evaluate the toxic effect and define the conditions of such effect. 

1.2.2 Differences in the Structure of the Cell Membrane Might Affect 

Toxicity of Polyelectrolytes 

In our preliminary experiments, we found that the level of toxicity depends on the 
particular pair of bacteria-PE, while the general conclusions about the sensitivity of 
bacteria to PE seem very ambiguous from one PE to another. If we assume that the toxicity 
only depends on the chemical structure of molecules (e.g. presence of amino groups, 
hydrophobic chains, counter ions), we should expect similarly close effects of one molecule 
on various bacterial strains. However, it is clearly not the case since many studies 
demonstrated that Gram-negative bacteria are more resistant to the effect of PEs or 
peptides (Gibney et al., 2012; E.-R. Kenawy et al., 2007; Thoma et al., 2014), while in 
other cases, Gram-positive bacteria were more resistant (Jain et al., 2014; Y. Li et al., 
2012) or both groups were equally sensitive to molecules (Carmona-Ribeiro & de Melo 
Carrasco, 2013; Gordon, Romanowski, & McDermott, 2005; E.-R. Kenawy et al., 2007; 
Séon, Lavalle, Schaaf, & Boulmedais, 2015). Moreover, excluding specific aspects of 
architecture of cell wall, the evidence for differences in susceptibility within one Gram 
group is unclear (Carmona-Ribeiro & de Melo Carrasco, 2013; E. Kenawy, Abdel‐Hay, El‐
Shanshoury, & El‐Newehy, 2002). Thus, we believe that the toxicity phenomenon cannot 
be studied without taking into consideration the structure of the cell wall.  

Since in our preliminary tests we found differences in the viability of various Gram-
negative cells exposed to PEs, we hypothesized that the structure of the cell membrane 
might somehow influence the interaction with PEs. In support of our hypothesis, it was 
shown that the electrokinetic potential of Gram-negative bacteria has a higher negative 
charge and a less soft surface than Gram-positive bacteria (Sonohara et al., 1995). 
Therefore, the degree to which PE interacts with the cell envelope can depend on the 
composition of the membrane, which determines the electrokinetic properties. Moreover, 
we can expect an even greater contribution of the membrane and its specific parts on the 
process of the PE deposition since the toxicity was shown to vary even within species with 
the same Gram architecture (E. Kenawy et al., 2002).  

The cell envelope of Gram-negative bacteria is composed of a phospholipid membrane, 
an intermediate layer of peptidoglycan and a Lipopolysaccharide layer (LPS) bound to a 
phospholipid layer (Beveridge, 1999). Both the peptidoglycan and the LPS layer act as a 
barrier preventing the penetration of charged molecules (Ebbensgaard, Mordhorst, 
Aarestrup, & Hansen, 2018). In contrast, Gram-positive bacteria lack an outer membrane 
composed of a phospholipid bilayer and LPS. Instead, they have a much thicker layer of 
peptidoglycan than Gram-negative bacteria (Rajagopal & Walker, 2015). Since positively 
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charged molecules are naturally present as peptides, both types of cells have developed 
specific mechanisms to prevent peptides from binding to the membrane. Accordingly, 
Gram-negative bacteria can reduce binding to positively charged peptides by modifying 
the outer membrane. The modification occurs by reducing the fluidity of the membrane by 
increasing the density of hydrophobic tails or introducing more positively charged 
molecules (phosphoethanolamine, 4-amino-4-deoxy-L-arabinose), which both decrease the 
total charge of cells and thus binding with positively charged peptides (Gunn, 2001; Gunn 
et al., 1998; Trent, Ribeiro, Lin, Cotter, & Raetz, 2001). With Gram-positive bacteria, the 
decrease in peptide binding is controlled by the insertion of neutral or positively charged 
molecules such as D-alanine or L-lysine, which reduce the total surface charge of the 
bacteria (Brogden, 2005). Thus, we can also expect similar mechanisms to protect the 
membrane that prevent binding with positively charged PEs. 

Although Gram-negative bacteria are believed to be more resistant to the action of 
positively charged PEs because of a double membrane and LPS layer (Gibney et al., 2012; 
E.-R. Kenawy et al., 2007; Thoma et al., 2014), it is not necessarily the case as the results 
are contradictory (Jain et al., 2014; Y. Li et al., 2012). Since the results are very ambiguous, 
it is important to determine if there is a clear relation between the toxicity of PEs and the 
structure of Gram cell wall. For this purpose, we chose two bacterial strains with the same 
Gram architecture to study the difference in the viability of the cells exposed to the PEs 
in Section 3.2. 

1.2.3 Challenges in preparation of Layer-by-Layer assembled capsules 

on the surface of individual living cells 

In contrast to the cases of harmless LbL coatings, several studies observed that the same 
type of PEs notably reduced the viability of the coated bacteria and yeasts (Drachuk et 
al., 2015; Fakhrullin & Lvov, 2012; Jonas et al., 2018; Kozlovskaya et al., 2011; M. B. 
Oliveira, Hatami, & Mano, 2016). We expect that the ambiguous reports on the toxicity 
of PEs used for LbL encapsulation could be related to several reasons: (i) the aggregation 
of cells, which reduces the diffusion of oxygen and nutrients, (ii) the formation of physical 
constraint, stalling division of cells, (iii) damage of the cell envelope, and (iv) structure of 
PEs, which can contribute to the toxicity between different strains. In addition, although 
attempts have been made to optimize the procedure of PE deposition by selecting the most 
promising PEs for each bacterium, the selected pairs of strains and PEs were not the same 
across studies and conditions, resulting in a lack of standardization of the use of a specific 
PE for a particular strain.  

Application of multiple PE layers has been shown to induce intense aggregation of cells 
(Drachuk et al., 2015; Franz et al., 2010; Hillberg & Tabrizian, 2006; Rivera-Betancourt, 
Sheppard, Krause, & Dluhy, 2014). We hypothesize that aggregation of bacteria occurs 
when centrifugal force is applied to an extent, which opposes the coated bacteria from 
repelling and makes the Van der Waals forces more prominent. Also, the differences in the 
cell structure, i.e. membrane, proteins, flagella, pili and etc., may promote aggregation as 
the membrane can be more electrostatically attractive. In particular, if cells produce 
Extracellular Polymeric Substances (EPS), it results in suppression of electro-repulsive 
forces and the development of attachment (Tsuneda, Aikawa, Hayashi, & Hirata, 2004), 
which can lead to better interactions with other cells. In the opposite case, when EPS are 
absent, increased electrostatic interaction suppresses attachment (Tsuneda, Aikawa, 
Hayashi, Yuasa, & Hirata, 2003) and makes cells more repulsive from each other. Therefore, 
one would expect the formation of either of well-coated repulsive cells or partially coated 
cells that aggregate. To assess the contribution of the appendages, we can apply Oshima’s 
soft particle theory, which views bacterial cells as colloidal particles entrapped within 



1.3. Biological Traits Needed for Preparation of Multispecies Bacterial Entities 11 

weakly charged PE layers (Ohshima & Kondo, 1991). By analyzing the electrophoretic 
mobility of cells, it allows us to estimate linear charge density and softness parameters, i.e. 
the depth of ion penetration within the cell membrane and surface potential (Sonohara, 
Muramatsu, Ohshima, & Kondo, 1995; Tsuneda et al., 2004). As a result, we can predict 
the most suitable time for coating, when the cells should resemble more electrostatically 
“rigid” particles and have the highest charge density, which ensures a good distribution of 
the coating. In addition, the surface properties of bacterial cells change during growth due 
to the production of different proteins or polysaccharides that are specific for each growth 
phase. These changes of surface can affect electrokinetic potential of the cells (e.g. the 
charge becomes more neutral) and thus deposition of PEs. Therefore, preparing the best 
possible coating on the cells would require to predict the most appropriate time and 
conditions for the PE deposition for each selected strain. In return, it should allow us to 
coat each cell, avoiding the formation of appendages that may shield the charge or reduce 
binding to PE. For this purpose, it is needed to prepare a method, which allows to 
individually coat bacterial cells, which we will prepare in Section 3.1. 

Once PEs are deposited on the cell surface, the cells should experience a situation of a 
strong but permeable confinement. Since PE capsules can be very resistant to tearing 
(Vinogradova, 2004), bacteria would need a certain time to leave the capsule, which is 
expected to slow the rate of fission. It has been shown, but not further investigated, that 
PE coatings create a barrier that inhibits cell growth (Franz et al., 2010), not reducing 
viability. Thus, we cannot attribute the observed effects of the delayed growth to the 
conventional idea of toxicity and we further need to investigate the existence of microbes 
under physical constraint of the PE capsules, which we will study in Section 3.1. 

The bactericidal action of positively charged PEs is believed to be driven mainly by 
electrostatic interaction between the positively charged groups of the PE and the negatively 
charged membrane (Andreu & Rivas, 1998; Brogden, 2005; Epand & Vogel, 1999; Gibney 
et al., 2012), resulting in the formation of membrane pores (Bechinger, 1999; E.-R. Kenawy 
et al., 2007; X. Li et al., 2010) that release intracellular compounds (E. Kenawy & 
Mahmoud, 2003). Structural factors of PE that can contribute to toxicity include the 
positive charge, the molecular weight of the PEs and the structural characteristics of the 
molecule, i.e. the distance between functional groups, the nature of counterions and the 
ratio of hydrophobic to hydrophilic parts (Jain et al., 2014; E.-R. Kenawy et al., 2007; 
Palermo & Kuroda, 2009; Timofeeva & Kleshcheva, 2011).  

To reduce toxic effects, it would require to coat the cells with specific PEs that do not 
harm the bacterium. Since the general toxic effect of PEs is related to the excess of the 
positive charge (Huang et al., 2016; Kügler, Bouloussa, & Rondelez, 2005), we hypothesize 
that toxicity can be reduced by either decreasing the linear charge density of PE (Forrest, 
Meister, Koerber, & Pack, 2004) or the number of the deposited PEs in each particular 
case. Therefore, we will study the differences in viability after exposure of bacteria to 
various PEs under different conditions and develop cases for toxicity reduction in Sections 
3.2 and 3.3.  

1.3 Biological Traits Needed for Preparation of Multispecies 

Bacterial Entities  

If there is a possibility to change the surface charge of bacteria and to keep them alive, 
then it will also be possible to attach cells to each other due to the differences in charges. 
Since we expect to control the growth and division of individual bacteria using PE coatings, 
it should allow us to build a well-balanced structure, which can be designed and fabricated 
for the desired metabolic process (e.g. oil degradation, salt removing, entrapment of specific 
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metals, pesticide degradation and etc.). Moreover, structuring the community additionally 
solves several problems as (i) many microbes will be physically forced to interact although 
they do not tend to interact well in nature, (ii) the initial conditions (oxygen gradient, 
metabolic compatibility of cells, growth speed) can be adjusted without energy 
consumption for the establishment of these processes, and (iii) as a result, it is possible to 
fully design the composition of the community, independent only of natural conditions, 
which will contribute to the addition of only specific microbes. 

From a biological point of view, microbes often require attaching to a solid support in 
order to form a biofilm. The surface provides more beneficial conditions as it becomes an 
interface for the collection of soluble organic nutrients that are deposited from liquid 
surrounding (Tuson & Weibel, 2013). It also provides more favorable conditions for 
protection, as bacteria might be well isolated in small pores against predators (Vargas & 
Hattori, 1986).  

Therefore, if we want to enable multispecies aggregation, it is necessary to investigate 
the basic concepts of the formation of bacterial entities and to provide such initial 
conditions for bacteria, i.e. attachment and nutrient exchange as they have in nature. 
Usually cells are present in a biofilm, which has protective functions as (i) resistance to 
colonization, (ii) production of toxins or resistance from them, (iii) providing appropriate 
conditions for the establishment of metabolically sustainable pathways and attachment of 
cells to the surface for further colonization (Burmølle et al., 2006; Epstein, Hong, Kim, & 
Aizenberg, 2013; X. He, McLean, Guo, Lux, & Shi, 2014; Matz & Kjelleberg, 2005). Biofilm 
formation has found important technological applications in fermentation processes 
(Cheng, Demirci, & Catchmark, 2010) and wastewater treatment plants (Chaali, Naghdi, 
Brar, & Avalos‐Ramirez, 2018; Nicolella, Van Loosdrecht, & Heijnen, 2000), because 
microbes are protected from physical influence and biomass can be used a longer time.  

In contrast to the beneficial presence, in many cases biofilm formation is a serious health 
threat due to contamination of clean surfaces (Veerachamy, Yarlagadda, Manivasagam, & 
Yarlagadda, 2014) (Veerachamy et al., 2014) or their biofouling and corrosion (Beech, 
Sunner, & Hiraoka, 2005). Additionally, the presence and activity of first colonizing 
microbes can promote the growth of pathogenic bacteria and the development of the 
correlated disease (Kho & Lal, 2018; Whittaker, Klier, & Kolenbrander, 1996). Since 
diffusive processes are decreased within bacterial films, and bacteria exchange some genes 
for antibiotic resistance, it makes them inaccessible to the action of the drug (Høiby, 
Bjarnsholt, Givskov, Molin, & Ciofu, 2010). 

However, if we can establish the initial conditions by artificial placing beneficial 
bacteria, it can help in either of the two cases of the presence of biofilm on the surface. 
Accordingly, we can significantly promote attachment of bacteria in cases of 
bioremediation, or populate the surface with beneficial cells that inhibit the attachment 
and development of pathogenic ones (Rijavec, Zrimec, van Spanning, & Lapanje, 2019).  

Biofilm formation is a sequential process, which is initiated by the attachment of 
microbes to a surface, where the first step is to overcome a strong repulsive barrier of the 
surface. From a physical point of view, repulsion is the result of several factors, including 
electrostatic repulsion, steric repulsion, and ion concentration. Since bacteria and surfaces 
are both negatively charged, it opposes the attachment of microbes due to a strong 
electrostatic repulsion (Dan, 2003). Bacteria can also be sterically repulsed if the affinity 
of the molecules of bacteria and surface that come into contact is low (Rijnaarts, Norde, 
Lyklema, & Zehnder, 1999). Media with low ionic strength would promote repulsion due 
to the low electrostatic shielding of negatively charged ions of bacteria and surface 
(Morisaki & Tabuchi, 2009). Additionally, a low-ionic-strength environment makes the 
appendages on the bacterial surface less rigid and less compressed, resulting in lower 
adhesion and higher steric repulsion (Abu-Lail & Camesano, 2003). Thus, under such 
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conditions, only certain microbes can firmly attach and further populate the surface. 
Therefore, many bacterial strains with very useful metabolic traits might not be applicable, 
or to become not applicable if they lose the ability to form a biofilm over a certain time 
(TerAvest & Ajo‐Franklin, 2016). 

Attachment requires a close proximity of cells to the surface for a certain time to 
experience the effect of short-acting forces such as the Van der Waals forces (C. G. Kumar 
& Anand, 1998; Palmer, Flint, & Brooks, 2007). For attachment bacteria engage various 
surface appendages i.e. pili, flagella, receptors and produce extracellular polysaccharides 
(Tuson & Weibel, 2013), which enable to overcome repulsion and irreversibly attach within 
a certain time (~20 min). Thus, if a cell loses the production of such elements, it 
significantly reduces the likelihood of attachment, as electrostatic repulsion becomes more 
prominent with decreasing distance (Adair, Suvaci, & Sindel, 2001; Tsuneda et al., 2004). 
The ability of cells to irreversibly attach to a surface will determine the opportunity for 
further colonization of this surface and, therefore, biofilm formation (Hori & Matsumoto, 
2010).  

The bacteria attached to the surface further adapt the microenvironment for 
introducing new microbes using physicochemical and biological mechanisms. The 
physicochemical mechanisms are based on (i) the exposure of surface receptors that allow 
secondary colonizers to physically attach (Castonguay et al., 2006; W. Liu et al., 2017; 
Marsh, Moter, & Devine, 2011) and (ii) altering surface charge, hydrophobicity and micro-
topography (Katsikogianni & Missirlis, 2004; Palmer et al., 2007). Biological factors are 
based on: (i) adjusting the microenvironment by changing pH or oxygen (Jakubovics, 2015; 
Zuo, 2007) and (ii) providing metabolites or nutrients to promote or inhibit the growth of 
neighboring cells (Bucci et al., 2011; Rendueles & Ghigo, 2015). Therefore, in 
environmental systems, biofilm composition strictly depends on the colonizing microbes, 
environmental conditions, and local conditions that are regulated by these microbes. 

 When a new cell becomes a member of a biofilm, it diversifies the metabolite 
production, allows the exchange of genes and metabolites (Ponomarova & Patil, 2015), 
reduces energy burdens and reduces competition between cells. To exchange metabolites, 
bacteria can use contact-dependent or contact-independent pathways. In both cases, the 
transfer of metabolites has specific traits. Accordingly, metabolites diffuse freely in contact-
independent pathways. However, their distribution in biofilms can be significantly 
restricted due to uptake, altering, degradation, or consumption by other bacteria. In 
contrast, contact-dependent pathways avoid nutrient loss. However, it requires additional 
energetics to establish surface-to-surface contact with a suitable partner (D’Souza et al., 
2018). Moreover, the metabolite-dependent bacteria must increase proximity with the 
metabolite-producer cells in order to maximize nutrient uptake in the microenvironment, 
thereby reducing competition with other bacteria for this type of nutrient (van Tatenhove-
Pel et al., 2020).  

As a result, the process of biofilm formation is driven by the most crucial steps of 
attachment of cells together and their metabolite exchange (N. M. Oliveira et al., 2015). 
The preparation of artificial aggregates would require the attachment and placement of 
cells in close distance to reach the optimal conditions for the growth. It can be expected 
that if we introduce positively charged PEs as a single layer, it would lower the energy 
barrier between the coated cells and the surface to initiate attachment. As a result, it can 
increase the probability of biofilm formation even if biofilm non-forming strains are used, 
since the cells will present beyond the repulsive barrier. It is also expected that surface-
modified bacteria will be in very close contact with each other after they are aggregated. 
According to Rinke J. van Tatenhove-Pel et al., close distance should also significantly 
improve the nutrient flow within such artificial entities, since the losses caused by diffusion 
would be minimal (van Tatenhove-Pel et al., 2020). In addition, if bacterial cells are 
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artificially placed in aggregates, the composition of the community should not be 
problematic. 

1.4 Incorporation of Nanoparticles into Polyelectrolyte 

Layers 

Since we can alter the surface charge of bacterial cells by PE deposition, our solution for 
preparing coatings will allow us to (i) control cell growth, (ii) control the position and 
distribution of microbes and (iii) label the coatings. 

In order to demonstrate how to additionally modify bacteria, we will develop an 
approach to deposit NPs on the cell surface. Such manipulations will allow us to add new 
modalities to bacteria by introducing various sources of NPs that can catalyze specific 
reactions, make cells more responsive for remote signals or modify the physical properties 
of coatings (thermal conductivity, electrical conductivity, mechanical strength). 

1.4.1 Application of graphene nanoparticles 

The coated bacterial cells might be arranged in different aggregates or artificial biofilms 
and applied in a microbial fuel cell for generating electric current from organic waste 
(Santoro, Arbizzani, Erable, & Ieropoulos, 2017), for preparing specific biosensors or setups 
for bioremediation (R. Kumar, Singh, Zularisam, & Hai, 2018). However, in many cases, 
the energy transfer is problematic for some biological reasons: (i) the biofilm is poorly 
formed or ordered (Palanisamy et al., 2019), (ii) the matrix is not well conductive (R. 
Kumar et al., 2018), which forces only the closest bacteria to transfer electrons to the 
electrodes and (iii) membrane biofouling (Gude, 2016). If the biofouling and structuring of 
the biofilm could be arranged using controllable growth of bacteria in PE, energy transfer 
is still problematic.  

To prepare such a setup, we need to introduce a conductive material into the PE 
coatings on the bacterial cell surface. To improve conductivity, we chose graphene NPs, 
which have outstanding conductive, mechanical and thermal properties (Pei & Cheng, 
2012). Graphene materials can become even more beneficial if the surface is additionally 
functionalized with oxygen groups (Shen et al., 2009), which can enable a better interaction 
with hydrophilic surfaces via hydrogen bonds. Although the properties of both Graphene 
Oxide (GO) and its reduced form Graphene Oxide (rGO) should be similar, we expect that 
the presence of oxygen groups in GO may be more preferable for hydrogen bonding, but it 
also can induce unwanted toxicity caused by oxidation of membrane. Therefore, we 
specifically selected these two forms of graphene in order to find the optimal material for 
introduction onto the surface bacterial cells. In addition, since PEs might be toxic, GO or 
rGO can potentially be applied as a spacer material that separates the toxic positively 
charged PEs and the cell membrane when graphene is attached to the cell surface. 

However, the preparation of a harmless coating for modifying a bacterial surface using 
GO or rGO requires ensuring the safety and non-toxic effect of the chosen NPs for bacteria.  
The application of GO and rGO has a diametrically opposite effect on viability since in 
one case it is used for preparing bactericidal surfaces, while in others it has no toxicity on 
cells. In particular, the toxic effect of these materials on cell growth has shown for both 
GO and rGO (Lukowiak, Kedziora, & Strek, 2016; Tegou et al., 2016). However, there are 
no coherent conclusions in toxicities of graphene NPs for bacteria, since in some cases 
Gram-negative bacteria (Akhavan & Ghaderi, 2010; Musico, Santos, Dalida, & Rodrigues, 
2014; Pulingam et al., 2019) were demonstrated to be more resistant, while in other cases 
Gram-positive bacteria (Nanda, An, & Yi, 2015; Pham et al., 2015; Romero-Vargas 
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Castrillón, Perreault, De Faria, & Elimelech, 2015a; Tang et al., 2013) or both types of 
cells were susceptible (Yousefi et al., 2017). Moreover, the determined toxicities vary even 
within the same species (Hegab et al., 2016). The toxicity of graphene materials is supposed 
to be mediated via several mechanisms, which include (i) membrane damage, (ii) oxidative 
stress and (iii) decrease of nutrient flow. Since bacteria interact with graphene materials, 
the latter can cause membrane damage or pore formation (Lukowiak et al., 2016; Pham et 
al., 2015). However, pore formation is not obvious for all bacteria, since only Gram-negative 
bacteria were shown to have pore formation (Tang et al., 2013), or both groups were prone 
to lysis (Lukowiak et al., 2016; Pham et al., 2015). Another mechanism that can cause 
toxicity is based on an oxidative stress of the bacterial membrane (Hegab et al., 2016). 
Since graphene materials have oxygen groups on the surface, it is assumed that they 
produce reactive oxygen species, oxidizing membrane lipids and proteins (Shaobin Liu et 
al., 2011; Nanda et al., 2015). We need to consider that charge densities, which repel 
bacteria and GO particles, can make the oxidative stress more prominent (Romero-Vargas 
Castrillón, Perreault, De Faria, & Elimelech, 2015b) than direct physical damage to the 
membrane. However, high level of oxygen groups can promote formation of hydrogen 
bonds, decreasing the distance between cells and particles, which can lead to physical 
damage. Another aspect that affects the viability is based on wrapping of cells into 
graphene sheets. Since graphene materials have an extremely high surface area, being 
introduced to bacteria, they can decrease cell growth by isolating cells from the nutrient 
environment (Akhavan, Ghaderi, & Esfandiar, 2011; Hegab et al., 2016). However, the 
contribution of each mechanism in a complex effect still needs further study. 

In contrast to the cases when graphene materials are toxic, there have been several 
studies showing no toxicity to microorganisms (Barbolina et al., 2016; Y. Luo et al., 2016; 
Mu, Zhou, Zhao, Liu, & Hu, 2019; Ruiz et al., 2011; Wang, Wang, Zhang, Xu, & Yang, 
2013). In these cases, graphene materials acted as a support that promoted cellular growth 
and induced the production of extracellular compounds and proteins (Y. Luo et al., 2016). 
Since the toxicity of graphene may be related to impurities during preparation (Wong et 
al., 2014), it was demonstrated that purified GO has no impact on viability and cell 
integrity (Barbolina et al., 2016). Moreover, graphene materials can be introduced by the 
LbL method not reducing viability, but introducing new modalities as increased mechanical 
properties or cryoprotection (L. He et al., 2021; H. Luo et al., 2018; Yang et al., 2012). 
Summing up, we suppose that the introduction of GO and rGO can be very promising for 
technological applications. However, if we want to efficiently and safely modify the 
bacterial surface by introducing graphene materials directly to cells or by the LbL method, 
it is needed to consider all aspects leading to toxicity. Since there are also no coherent 
conclusions on toxicity, we will perform additional tests on toxicity and evaluate the 
interaction of bacteria with GO or rGO particles in Sections 3.4 and 3.5. 

1.4.2 Application of magnetic nanoparticles for guiding bacterial cells 

It has been shown that mixing exact ratios of positively and negatively charged bacteria 
results in the formation of very precise aggregates (van Tatenhove-Pel et al., 2020), with 
a maximum yield not exceeding 3 %. To increase the number of bacterial aggregates per 
unit volume, we propose to develop a method for modifying the cell surface with 
paramagnetic NPs. Such coating would enable to separate and maximize the enrichment 
of magnetic sensitive aggregates in a magnetic field, thereby facilitating their preparation. 

Since we wanted to observe how bacterial cells are acting when we combine all above 
aimed-to-develop methods into one complex solution, we chose the case of preparing cells 
for remote guiding in a living organism. Therefore, by a modification of the bacterial 
surface, we aimed to functionalize the cell surface with paramagnetic NPs first, to enrich 
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the cell biomass, and second, to test the idea of guiding, detecting and monitoring the 
distribution of bacteria within the mammal body in order to make bacterial therapy safer.  

The ideal solution for disease treatment would be to use tiny, programmable “robots” 
that specifically target tumors and selectively destroy them (Forbes, 2010). Such units 
should also be easily detectable, responsive to external “commands” and self-propelled 
through the system by sensing the local environment. According to all the requirements, 
bacteria might be excellent candidates that share most of the properties required for an 
ideal cancer therapy. Many different bacterial strains were shown to accumulate in tumor 
regions, i.e. Salmonella (Pawelek, Low, & Bermudes, 1997), Escherichia (Yong et al., 2004), 
Clostridium (Parker, Plummer, Siebenmann, & Chapman, 1947), Bifidobacterium (Kohwi, 
Imai, Tamura, & Hashimoto, 1978), Listeria (Pan, Weiskirch, & Paterson, 1999) and 
Streptococcus (Maletzki, Linnebacher, Kreikemeyer, & Emmrich, 2008). Using bacteria is 
expected to induce a strong immune response since their surface is highly immunogenic. 
Since cells can be self-propulsive and guided by a chemotaxis, they can be very promising 
for reaching inaccessible for passive therapies places and allow the local application of more 
toxic compounds, reducing the toxic effects on the host (Sai Liu et al., 2014). Bacterial 
cells can be even more promising by engineering the system for production of cytokines 
(Barbé et al., 2005), cytotoxic agents (Jiang et al., 2010) or modified for targeting (Nguyen 
et al., 2010).  

Although reports of anticancer bacterial therapy are very encouraging, the current state 
is far from ideal cancer therapy since (i) the bacterial surface is highly immunogenic, (ii) 
it is hard to target bacteria and to prevent dissemination of cells, which can additionally 
increase the risk of sepsis, and (iii) many promising bacteria lack the ability to target, 
which calls for the development of alternative approaches for helping cells to reach tumors.  

Here, we hypothesize that a solution to improve the introduction of bacteria into living 
organisms can be prepared by the modification of the bacterial cell surface with PE 
multilayers. Each PE layer can be modified with fluorescent labels and some specific 
molecules, i.e. proteins, enzymes, antibodies, to allow detection of PE shells and to help 
target the tumors (Ai, Jones, & Lvov, 2003; Campàs & O’Sullivan, 2003; Johnston, Cortez, 
Angelatos, & Caruso, 2006). To improve guiding, we can use paramagnetic NPs, which are 
very responsive to the external magnetic field (Fakhrullin et al., 2009; B.-W. Park, Zhuang, 
Yasa, & Sitti, 2017). 

Since this approach should allow us to form and enrich aggregates using only magnetic 
fields, we will prepare the case to apply such a system to remotely control bacterial cells 
in the mammal body. Specifically, we aimed to: (i) develop a method of the cell surface 
modification and (ii) to modify the surface in such a way that cells can be detected and 
targeted at a desirable place of organism, which we will prepare in Section 3.6.  

Summarizing, the present work will focus on the development of methods for 
electrostatic immobilization of individual bacterial cells or precise aggregates, 
determination of changes in cell growth and attachment due to electrostatic confinement, 
determination of conditions leading to a decrease in viability, and the development of 
methods for its improvement. To increase the versatility of the method and to increase the 
yield of the coated cells, we will modify the cell surface by introducing various NPs, and 
test the prepared solution in a living organism, combining all the developed stages.  
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2 Aims and Hypotheses 

2.1 Introduction to Hypotheses 

In nature, many biological pathways are connected to each other, and bacterial cells are 
cross-feeding each other, living on “waste” products of metabolic partners. In particular, 
there are various examples of the cross-feeding interactions as gut microbiota with host 
cells, plant associated microbes, bacteria associated with corrinoid auxotrophic algae or 
associated bacterial entities in soil. This enables the formation of specific ecological niches 
and diversifies processes, making such a system very robust. By artificial placing bacteria 
in structures such as biofilms or flocs, we can create a set of metabolic pathways that can 
be coupled according to the needs to produce or to degrade a particular compound. For 
micro arranging cells in a metabolic cascade, it is necessary to closely arrange bacteria and 
initially set the community for its further development. Although there are different 
strategies such as encapsulation, extrusions, emulsions, cell immobilization into various 
matrices (e.g. polysaccharides, proteins, polypeptides, lipids matrices) that initially set the 
community, they do not allow to precisely arrange bacteria together and to minimize the 
distance between cells for increasing nutrient transfer. Matrices can also limit diffusion and 
consequently lower viability. In addition, the growth of each member of natural microbial 
entities is controlled by the availability of nutrients and external factors that inhibit or 
promote growth. However, if we combine microbes with significantly different growth rates, 
it may cause overgrowth of one specific bacteria over others. Based on these objectives, we 
propose a method for modifying the bacterial surface of an individual cell through PE 
deposition that allows to electrostatically combine cells together with maximum proximity 
and control the growth rate of each cell by strengthening PE coatings.  

When the charge of the cells changes, it allows us to manipulate the cells for 
attachment. This can then enable the formation of a variety of aggregates composed of 
very diverse cells, by coupling multiple metabolic pathways together. These aggregates in 
artificial films increase the variability of metabolites and can lead to the formation of very 
specific products. By coupling different cells, it can also enable turning multi stage 
processes for biotechnology (fermentation of different products) or bioremediation 
(entrapment of metals) into a single step stage (e.g. aerobic and anaerobic conditions 
present within one aggregate). Anaerobic conditions can be achieved since the external side 
of the aggregate interface will be exposed to atmospheric conditions, while the internal side 
will be depleted of oxygen. Micro-geographic placement can also change the local 
environment to anaerobic, low nutrient, or high pH. In return, it makes very specific niches 
that promote or inhibit cell growth. However, it is not known how to keep cells viable or 
regulate physiology of bacteria using this approach. Therefore, the development of a 
method for multispecies aggregation of bacteria based on electrostatics will require a clear 
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understanding of the basic concepts of functioning and growth of bacteria in a confined 
space, and solving the problem of PE toxicity. 

In different experiments, which apply LbL coatings, it has been found that bacteria can 
be suitable templates for the PE deposition as similar as any kind of inanimate templates. 
However, the deposition of PEs results in uncontrollable excessive aggregation, which is 
not preferable when cells should be studied separately. From this point of view, only an 
individually coated cell will allow us to assess the growth dynamics of confined bacteria 
and the effect of toxicity not interfering with population level, where many other 
interactions or consequences may take place. In addition, aggregation can reduce the 
nutrient diffusion within the aggregates when the cells are coated in a matrix. We 
hypothesize that aggregation can occur because of a physical factor (e.g. excessive 
centrifugation) and biological properties of the surface structures of bacterial cells, which 
were not taken into consideration during the LbL coating experiments. 

In this regard, we will develop an approach for cell coating using the LbL strategy, 
which should allow us to keep the lowest possible aggregation for different cells using mild 
centrifugation. We will test if bacterial cells at different growth stages would affect the 
efficiency of the coating. For this purpose, we will apply Oshima’s theory to determine the 
contribution of appendages on the cell surface during different growth stages on the 
deposition of the PEs. It will enable us to determine the softness parameters of the cell 
surface, which should define the most appropriate time for coating during cell growth, and 
if this leads to a decrease in aggregation. 

By combining all the steps, we plan to elaborate an innovative method to apply to 
various bacterial cells. Since our confinement based on electrostatic interaction does not 
obstruct the nutrient flow but makes a strong capsule, it will enable us to study the 
physiological dynamics of the confined bacteria. It is known that the metabolic parts of 
bacteria can withstand an increase in pressure up to 200 MPa, which leads to the cessation 
of metabolic functions (growth, division, DNA replication and others). Since PE coatings 
can be resistant to the fracture up to 300 MPa, a gradual increase in the thickness on the 
cell surface can lead to metabolic suppression of some parts of the coated cell. It is also 
known that the cell size of bacteria is regulated, depending on nutrient availability. Taking 
into consideration these facts, we suppose that the entrapment of cells into permeable PE 
coatings should constantly engage metabolism by regulating cell size. We hypothesize to 
observe a new paradox, where cells get nutrients but cannot divide due to a mechanical 
restriction, which suppresses the division part. For this purpose, we will show the effect of 
PE confinement on cell division, depending on how strong the PE capsules are. We will 
also try to relate the effect of confinement to metabolic changes occurring in cells. In return, 
it can be beneficial for biotechnological applications, since bacterial growth can be more 
controlled. To demonstrate this case, we will test if there is a suitable window for the 
thickness of PE coatings, which just prolongs the lag phase not stalling division. We will 
also find a correlation between the strength and the timing of the lag phase. 

Also, in physical experiments, researchers ignored the viability of LbL-coated cells. This 
can be a special case, since PEs are strongly attached to the cell and can damage the 
membrane, therefore, methods for evaluating toxicity need to be developed. Here, we also 
foresee that the surface should be both positively charged and non-toxic. Since we assume 
that toxicity is related to the charge density in the molecule, we will reduce toxicity by 
either using chemical binding of positively charged amino groups with acetic groups or 
decreasing PE concentration. As a result, we should be able to get a positively charged PE 
coating, which is not toxic to bacteria. A review of toxicity studies did not demonstrate 
obvious reasons for preferential choice of one sort of PEs over others for one bacterium and 
the opposite choice for another. Moreover, some cells were found to be more suitable for 
deposition of PEs than others. We attribute these ambiguities in susceptibility to 
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differences in structure of cell envelopes and cell metabolism or the choice of PEs that are 
used to coat a specific strain. Therefore, we will study the contribution of both biological 
and physio-chemical aspects to determine whether some bacteria are resistant or some PEs 
are less toxic.  

Since PE coatings can be made non-toxic to bacteria, the approach of PE deposition 
can be a versatile tool for functionalizing the surface of various bacteria. To expand the 
repertoire of strains that can be used in biotechnology, we will consider the case of the 
artificial attachment of bacteria via PE deposition. Many technologically relevant strains 
cannot populate surface due to the lack of special receptors or due to the electrostatically 
repulsive barrier, which occurs due to the negative charge of bacteria and the surface. From 
a physical point of view, there is a characteristic distance from the surface that these 
electrostatic forces are not effecting cells anymore. Breaching this distance would 
immediately engage Van-der Waals and short-range forces that promote attachment. 
Therefore, the deposition of positively charged PEs will cause a decrease in distance, which 
will give the cell more time for irreversible attachment (approximately 20 minutes). 

It has also been shown that the maximal yield of precisely assembled aggregates does 
not exceed 3%. To facilitate the production of aggregates, we aimed to develop a method 
that allows to deposit paramagnetic NPs on the cell surface, which can help spatially 
arrange or separate bacteria merely using a magnetic field. Since we are able to individually 
coat and label cells, to remotely control their division rate and position, we aimed to 
develop a solution, which not only allows for the production of aggregates but also helps 
to improve the guiding of cell biomass in the organism.  

In addition, we have also extended the applicative potential of our method by 
combining it with graphene NPs to potentially improve energy transfer from bacteria for 
possible application in a microbial fuel cell. However, in many cases, rGO and GO were 
shown to be toxic and the toxicity varied between different bacteria. Therefore, our first 
aim was to study the toxic effect of these particles on bacterial cells and assess the 
interaction of NPs with the cell surface.  

2.2 Research Aims 

We followed the main goal of the present dissertation, which was to develop a method of 
the PE deposition on bacteria for the preparation of individually coated or precisely 
aggregated bacterial cells and to study the biological responses caused by changing the cell 
surface properties at a single cell and at population levels: 

To achieve the main goal, we also aimed five specific goals: 

i. Since the solutions that are used for the deposition of PEs on bacterial cell 
surfaces exhibited uncontrollable aggregation, we aimed to develop a method 
for consequent PE deposition, which avoids excessive aggregation and toxic 
effect on cells and to study a single cell or population dynamics of coated 
bacteria.  

ii. From published research reports, it was found that PE deposition in some cases 
does not have a toxic effect. However, it creates a mechanical confinement, 
which prolongs the lag phase of the coated cells. Therefore, we will study the 
effects of physical constraint of PE coatings on the growth, division and 
constitutive expression of proteins in bacteria. 

iii. Although in some cases the introduction of either PEs or NPs did not 
demonstrate toxicity, many studies reported toxic effects on bacteria when they 
were introduced to cells. Hence, it is needed to determine how the composition 
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and conditions of PEs and NPs affect bacterial toxicity in combination with the 
type of exposure and possible solutions to reduce toxic effects. Based on our 
preliminary studies, we observed that some cells are more resistant to coating, 
while others are extremely sensitive to it and the viability of such cells is notably 
reduced, even though the cells have the same Gram architecture. Therefore, we 
will determine the difference in susceptibility to coatings between different 
species, consisting of the same architecture of the cell wall. 

iv. The introduction of PEs was demonstrated to alter the charge either of bacteria 
or inanimate surfaces. In return, it could allow bacteria to have a better chance 
of attachment. Hence, we will study the effect of the cell surface modification 
by the PEs on the longevity of cell attachment and the formation of 
microcolonies. 

v. Since the prepared method for the surface modification allows adding novel 
properties to bacteria, which cannot be achieved only through genetic 
manipulation, we will develop a method that makes cells responsive like 
particles to magnetic fields as well as detect in the far red spectrum in order to 
expand their intrinsic biological capabilities. 

2.3 Hypotheses  

Although bacterial cells were used in physical experiments where PE deposition was 
applied, the biological aspects and effects of such manipulation on bacterial cells have not 
been described yet. In order to determine and distinguish these different physical and 
biological aspects, occurring after the deposition of PEs, we proposed the following 
hypotheses: 

 
i. Since PE capsules can form very strong mechanical obstacles sustaining tension 

in the range of a few hundred MPa but not obstructing the nutrient flow, we 
expect mechanical restriction of cell growth without its metabolic suppression. 
Therefore, the addition of the number of PE layers would increase force 
opposing the cell growth and its division, which will result in the prolonged 
generation time.  

ii. Free phospholipids in the cytosol are known to signalize the cell size and can 
determine division time. By the confinement of a cell inside such a PE capsule, 
we expect to interfere with the cell size regulation by the increase of free 
cytosolic phospholipids. Through this effect, we suppose that the confined cell 
gets a signal to constantly engage anabolic metabolism. It is expected that the 
anabolic part is less regulated and it will result in a non-specific increase in 
transcription. Therefore, we hypothesize that the leakage expression of 
genetically produced constructs will be increased. 

iii. According to published research reports, we found ambiguities where, on the 
one hand, PEs, especially positively charged, are toxic, and on the other hand, 
the same PEs are used for the surface modification of different prokaryotic and 
eukaryotic cells. Accordingly, we expect that toxicities can be attributed to the 
PE type and cell choice. Since these two aspects are not determined, we expect 
that, on the one hand, the type of cell will determine which PE with its physio-
chemical properties will be the most suitable to preserve viability when confined. 
On the other hand, we expect that the major contribution is the total charge of 
PE.   
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iv. Most surfaces that can be populated by bacteria are negatively charged and 
electrostatically repelling them. From a physical point of view, there is a 
characteristic distance from the surface that these electrostatic forces are not 
taking action anymore. By breaching this distance, short-range forces come into 
action. Therefore, if we alter cells with the opposite charge to the surface, we 
will immediately decrease the distance, enabling a more intimate and longer 
interaction with the surface. The most important time for transforming 
reversible attachment of cells to irreversible is within 20 minutes. Therefore, the 
increased time and stronger interaction with the surface can induce more 
efficient biofilm formation of biofilm forming bacteria, as well as it can facilitate 
attachment and biofilm formation of biofilm non-forming bacteria. 

v. Since we wanted to observe how bacterial cells are acting when we combine all 
steps, i.e. to keep cells alive, to control their growth, to visualize and to modify 
the surface with paramagnetic NPs into one complex solution, we chose the case 
of preparing cells for remote guiding in a living organism to make bacterial 
therapy safer. Different bacteria were demonstrated to be used as tumor healing 
agents (Forbes, 2010). Currently, cancer treatment is based on using pathogenic 
strains, which are growing in immunosuppressed conditions, occurring inside 
many tumors. Although many bacterial strains are attractive candidates for 
inducing the immune system, it is hard to control cell dissemination and train 
cells to target tumor. By surface manipulation, we expect to remotely control 
their position within the tumor tissue being not merely dependent on the 
bacterial ability to colonize the tumor region. 
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3 Scientific Publications 

The publications, composing the core of the dissertation are listed in such a way that they 
consequently introduce the solution of the problems and follow the dissertation content. 
The candidate’s contributions for each manuscript are described in article’s preface. In the 
present work, articles appear in the following order: 
 
Rybkin, I., Gorin, D., Sukhorukov, G., & Lapanje, A. (2019). Thickness of polyelectrolyte 

layers of separately confined bacteria alters key physiological parameters on a 
single cell level. Frontiers in Bioengineering and Biotechnology, 7, 378. 
https://doi.org/10.3389/fbioe.2019.00378 

Rybkin, I., Gorin, D. A., Sukhorukov, G. B., & Lapanje, A. (2017). Method for Synthesis 
of Protein in Culture of Bacterial Cells: Patent Application TMA170199738. 
Federal Institute of Industrial Property. 

Rybkin, I., Mirtic, J., Majaron, H., Hrescak, J., Ceh, M., Strancar, J., … Lapanje, A. 
(2021). Strain-dependent selective antimicrobial action of cationic polyelectrolytes 
on Gram-negative bacteria. BioRxiv. https://doi.org/10.1101/2021.08.31.458386. 
The manuscript is in the BioRxiv repository and is under final revision for 
submission to: ACS Nano 

Deev, D., Rybkin, I., Rijavec, T., & Lapanje, A. (2021). When Beneficial Biofilm on 
Materials Is Needed: Electrostatic Attachment of Living Bacterial Cells Induces 
Biofilm Formation. Front. Mater. 8: 624631. https://doi.org/10.3389/fmats. 
2021.624631 

Gusev, A., Zakharova, O., Muratov, D. S., Vorobeva, N. S., Sarker, M., Rybkin, I., … 
Kuznetsov, D. V. (2019). Medium-dependent antibacterial properties and 
bacterial filtration ability of reduced graphene oxide. Nanomaterials, 9(10), 1454. 
https://doi.org/10.3390/nano9101454 

Gusev, A., Zakharova, O., Vasyukova, I., Muratov, D. S., Rybkin, I., Bratashov, D., … 
Kuznetsov, D. (2019). Effect of GO on bacterial cells: Role of the medium type 
and electrostatic interactions. Materials Science and Engineering: C, 99, 275–281. 
https://doi.org/10.1016/j.msec.2019.01.093 

Rybkin, I., Pinyaev, S., Sindeeva, O., German, S., Koblar, M., Pyataev, N., … Lapanje, 
A. (2021). In vivo capture of bacterial cells by remote guiding. BioRxiv. 
https://doi.org/10.1101/2021.08.06.455395. The manuscript is in the BioRxiv 
repository and is under final revision for submission to: Small 
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3.1 Thickness of Polyelectrolyte Layers of Separately 

Confined Bacteria Alters Key Physiological Parameters 

on a Single Cell Level 

Rybkin, I., Gorin, D., Sukhorukov, G., & Lapanje, A. (2019). Thickness of polyelectrolyte 
layers of separately confined bacteria alters key physiological parameters on a single cell 
level. Frontiers in Bioengineering and Biotechnology, 7, 378. https://doi.org/10.3389/ 
fbioe.2019.00378 
 
In fact, all bacterial cells experience the effect of confinement in natural conditions. Over 
time, the cells accumulated on the surfaces get entrapped in various PE matrices, resulting 
in the formation of stable multicellular systems, as biofilms or flocs. This property of 
immobilization found important application in biotechnology since confined cells are 
protected from mechanical influence as well as the product separation is facilitated. Taking 
into consideration that bacteria require efficient mass transfer and appropriate spatial 
arrangement to maximize the efficiency of nutrient distribution we could artificially 
immobilize bacteria. However, conventional approaches such as matrix entrapment are not 
suitable to provide such conditions. As an alternative, we have designed a system where 
each microbe should be individually immobilized in strong permeable tailor-made coatings. 
To reach this purpose, we have developed an artificial confinement of bacterial cells by 
deposition of several PE layers on the cells, which resulted in the formation of durable 
coatings at the single cell level. We observed the dynamics of physiological changes of 
separately confined cells, which also affected the colony development. 

Since cell aggregation was observed during the PE application, the authors modified 
the conventional approach by reducing the number of centrifugation steps and lowering 
centrifugal force. The protocol was further compared with previously developed protocols 
by analyzing the polydispersity index of coated cells in both systems, which showed a 2.4 
times lower aggregation. Prior to assessing the physiological changes of confined bacteria, 
the authors determined electrophoretic mobilities of Escherichia coli TOP 10 at different 
stages of cell growth in a gradient of salt concentrations in order to define the most suitable 
time for PE deposition. To improve the coating procedure, we used the Oshima’s soft 
particle model, which demonstrated that the cells in the exponential growth stage had a 
1.1 times higher negatively charged surface than the cells from lag or stationary phases 
and were thus more suitable for coating.  

The deposition of each PE layer was monitored by determining the electrophoretic 
mobilities using a dynamic light scattering device. To study the effect of PE confinement, 
coated cells in up to 4 bilayers were observed under a Time Lapse Laser Confocal 
Microscopy (TLCM) experiment in a specially designed chamber, which provided the most 
suitable growth conditions. The authors found that PEs were not toxic to the cells of E. 
coli. However, using a growth curve model, it was found that due to the strength of the 
capsule, the physiological properties of the cells, such as lag phase and colony formation, 
were altered. Accordingly, analysis of the growth dynamics at a single cell level showed 
that the lag phase of the coated bacteria was prolonged up to 1.7 times, depending on the 
number of deposited layers. Over a certain time, the cells left the shells by dividing in a 
distal position in weaker capsules, while in stronger capsules, the cracking process of the 
PE wall was randomly distributed. It was shown that due to the interaction of new-born 
cells with partially coated bacteria, microcolonies were more spherical than with non-coated 
cells. For analysis of protein expression in cells, both methods, microscopy and 
spectrophotometric determination were used. Mechanical confinement was found to alter 
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molecular physiology, as the authors observed an increase in the GFP fluorescent signal 
up to 5 times and an increase in cell size up to 2 times when the division process was 
stalled. 

Summarizing all the findings, the authors developed a method for the surface 
modification that allows to individually coat bacterial cells, control the cell growth, surface 
charge and metabolic activity and allows studying the cell physiology under confinement. 

The candidate performed the experimental part, partially performed the statistical 
analysis, partially prepared the drawings, and also participated in the writing of the 
manuscript. 
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3.1.1 Method for synthesis of protein in culture of bacterial cells  

Rybkin, I., Gorin, D. A., Sukhorukov, G. B., & Lapanje, A. (2017). Method for Synthesis 
of Protein in Culture of Bacterial Cells: Patent Application TMA170199738. Federal 
Institute of Industrial Property. 
 
The invention is related to the field of biotechnology, in particular to the cultivation of 
bacteria on a nutrient medium in order to increase the protein content in cell cultures. 
Current strategies and solutions to increase protein yield are based on using genetically 
modified organisms. Since the size and stability of genetic elements is very limited, it 
narrows the choice of metabolic pathways in bacteria. Therefore, in order to expand the 
repertoire of the method for increasing protein synthesis, we adapted the LbL method for 
application on bacterial cells. After consequent deposition of positively and negatively 
charged PEs on bacterial surfaces, the coated cells were incubated in medium to initiate 
metabolism. Later, it was observed that the coated cells had an increased protein content 
after the incubation period compared to the uncoated ones. The increased protein content 
was determined using spectrophotometric and confocal studies on coated and uncoated 
cells. 

The candidate executed the experimental part, prepared the application form and took 
care of communication with the expert. 
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3.2 Strain-dependent Selective Antimicrobial Action of 

Cationic Polyelectrolytes on Gram-negative Bacteria   

Rybkin, I., Mirtic, J., Majaron, H., Hrescak, J., Ceh, M., Strancar, J., … Lapanje, A. (2021). 

Strain-dependent selective antimicrobial action of cationic polyelectrolytes on Gram-

negative bacteria. BioRxiv. https://doi.org/10.1101/2021.08.31.458386. The manuscript is 

in the BioRxiv repository and is under final revision for submission to: ACS Nano 

 

To precisely control the properties of the cell surface, which can help introduce new 
methods of immobilizing cell biomass in biotechnological processes, bacteria can be 
ornamented with PEs during self-assembly. However, the lack of understanding of the 
effects caused by introducing PE coatings to bacteria limits the development and further 
implementation of the method. In special concern, the ambiguous effect in viability of cells 
when positively charged PEs cause toxicity. It has been found that the toxic effect is 
inconsistent between studies and depends on the particular strain. In order to shed light 
on toxic behavior of PEs and to study cell response, we selected two bacteria, representing 
the same Gram architecture Escherichia Coli and Pseudomonas Stutzeri, but with different 
susceptibility to positively charged PEs. To determine the contribution of structural 
differences to toxicity, two positively charged PEs, poly(ethylenimine) (PEI) and 
poly(allylamine) hydrochloride (PAH), with different molecular weights were chosen. Since 
in our preliminary experiment we also observed the ambiguity of the viability of the coated 
cells in different media, we performed tests in liquid and on solid media.  

To assess susceptibility, we performed a Minimal Inhibitory Concentration (MIC) test 
with continuous exposure to PEs. Since an excess of PEs does not provide the same 
conditions as PEs deposited on the cell surface due to interaction with media, we also 
analyzed the MIC test, where PEs are present only on bacteria. In case, when PEs were in 
excess in solution, it resulted in toxicity for both strains, while E. coli was 2 times more 
resistant to low molecular weight PEs than P. stutzeri. PEs deposited just on the cells 
revealed a difference in susceptibility between the strains, as no toxicity to E. coli was 
observed in liquid or on solid media. However, the coatings were still toxic for P. stutzeri, 
depending on the incubation conditions. In particular, primary amines were more toxic in 
liquid media, while PEs containing quaternary amines were more toxic in solid media. 

To test whether PEs can penetrate the cell wall of bacteria, the coated cells were 
analyzed using Stimulated Emission Depletion Microscopy (STED). All data were 
evaluated using image processing software to determine the ratio of PE signals, which were 
detected inside or outside the membrane. The authors observed that after the PEs were 
deposited onto the cell surface, PEs were mostly present inside P. stutzeri cells. However, 
for E. coli, they were mainly present on the surface. The intensities of the deposited PEs 
at the highest concentration were 7.8 ± 3.5 times lower on the membrane and 20.8±12.8 
inside the cells of E. coli than P. stutzeri. In addition, the authors did not observe any 
differences in the PE branching or molecular weights for these types of cells.  

To lower the toxic effect in P. stutzeri, cells were coated with PEs at various 
concentrations and the viability of cells was assessed by evaluating Colony Forming Units 
(CFU). The authors found that at 0.039 µg/mL, the electrophoretic mobility remains 
positive (1.83±0.22) with the highest viability of the coated cells (73% ± 23% of viable 
cells), which creates the possibility for manipulation with sensitive strains, while using 2.5 
µg/mL keeps only 46% ± 8% of viable cells. 

The authors conclude that modification of the bacterial cell surface in Gram-negative 
bacteria demonstrated different outcomes in viability, despite the similar membrane 
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architecture. Differences in structural elements of the membrane revealed drastic 
differences in viability, where one strain became a suitable template for the PE deposition 
(no significant reduction in the viability), while the other demonstrated high death rates 
(46% ± 8% of viable cells), requiring mild coating conditions. By careful manipulation, 
they found suitable concentrations, where positively charged PEs can be introduced onto 
the surfaces of the cells to create a coating.  

The candidate prepared the protocols for deposition of PEs, performed toxicities 
studies, partially performed statistics, partially prepared drawings and partially 
contributed to writing. The manuscript was prepared in collaboration with co-authors. 
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3.3 When Beneficial Biofilm on Materials Is Needed: 

Electrostatic Attachment of Living Bacterial Cells 

Induces Biofilm Formation 

Deev, D., Rybkin, I., Rijavec, T., & Lapanje, A. (2021). When Beneficial Biofilm on 

Materials Is Needed: Electrostatic Attachment of Living Bacterial Cells Induces Biofilm 

Formation. Front. Mater. 8: 624631. https://doi.org/10.3389/fmats.2021.624631 

 

Usually biofilm formation is attributed to the presence of pathogenic microbes. Therefore, 
current strategies are dedicated for structuring surfaces in such a way that they prevent 
attachment of unwanted microbes. However, all these solutions are short-lived due to the 
fast conditioning of bactericidal surfaces from substances of milieu that reduce the 
bactericidal effects by blocking the active centers of the bactericidal surfaces. In contrast, 
biofilm formation is an important part of biotechnological processes, which allows cells to 
form a stable metabolic niche as well as remain firmly attached to different carriers. The 
lack of biofilm formation strictly limits the number of potential candidates, even though 
such cells might be very attractive for use because of their metabolic potential and 
biotechnological relevance. In the present manuscript, we have developed and tested an 
approach that allows to artificially attach viable bacterial cells to the surface including 
biofilm non-forming ones, using only electrostatic interaction. By depositing the beneficial 
coated cells, we have constructed a “living” surface, which prevents the attachment of 
pathogenic microbes. 

In our preliminary toxicity studies of Pseudomonas stutzeri using a live/dead kit, we 
found that introduction of positively charged PEs caused a toxic effect on this strain. Since 
we found that viability can be lowered, we selected 8 strains with different cell architectures 
to test the toxic effect of positively charged PEI by using spectrophotometric determination 
of cell growth. It was found that many strains stay susceptible to PE. Since the toxicity 
was attributed to the positive charge, PEI PE was modified by introducing acetyl groups, 
reducing the electrophoretic mobility of coated cells on average 1.9 times. The 
electrophoretic mobility was determined using dynamic light scattering. Viability was 
assessed by spectrophotometric studies of cell growth. Analyzing the obtained growth 
curves, no toxic effect in cells with modified PEI was observed. 

To test whether artificial attachment promotes surface population, the bacterial or glass 
surface were coated with modified and native PEs. Using a fluorescent microscopy, we have 
determined the longevity of cell attachment to modified surfaces during growth. Coating 
the glass with native PEI or cells with modified PEI resulted in significantly prolonged 
attachment for all bacterial cells including both biofilm forming and biofilm non-forming 
species on average 2.7 times.  

 Since we could safely introduce modified PEs, which did not cause toxicity, for the 
first time we demonstrated the case of preparing consequently assembled alive artificial 
biofilm that consisted of potentially probiotic and pathogenic bacteria. As a result, it 
revealed that the attachment of pathogenic cells to the artificial biofilm was reduced by 
3.6 times and cell growth was halted, indicating controllable surface population. The 
estimation of pathogen and probiotic cell growth was made using fluorescence microscopy 
and analyzed using imaging software. 

In summary, the author demonstrated a new case of biofilm management by artificial 
attachment of living bacteria. The surface modification of bacteria by PE deposition can 
expand the repertoire of strains, including biofilm non-forming for application onto different 
surfaces. 
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The candidate designed the experimental part with modification of PEs, toxicity studies 
and artificial attachment of cells. He partially performed experimental work, partially 
performed statistical analysis and partially prepared the figures and contributed to the 
writing of the manuscript. The manuscript was prepared in cooperation with co-authors. 
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3.4 Medium-Dependent Antibacterial Properties and 

Bacterial Filtration Ability of Reduced Graphene Oxide 

Gusev, A., Zakharova, O., Muratov, D. S., Vorobeva, N. S., Sarker, M., Rybkin, I., … 
Kuznetsov, D. V. (2019). Medium-dependent antibacterial properties and bacterial 
filtration ability of reduced graphene oxide. Nanomaterials, 9(10), 1454. 
https://doi.org/10.3390/nano9101454 

 

Since we can structure bacterial biofilms and control their properties, we can use this to 
our advantage in possible application in microbial fuel cells. Since energy transfer is 
problematic, we can apply graphene materials that are known to be good conductors. For 
this purpose, we chose rGO NPs, which can be used to improve energy transfer from 
bacteria in this process. However, in many of the reported cases, we found big ambiguities 
in toxicity as, on the one hand, graphene was claimed to be nontoxic and, on the other 
hand, good bactericidal activity was observed. The toxicity of graphene materials might 
result from the interplay between various characteristics of the material with the biological 
aspects of a particular cell. Therefore, if we want to use such a material for surface 
functionalization, it would be needed to assess the potential toxic effects and the 
mechanisms causing it. To study toxicity, we chose the reduced form of GO and the model 
organism of Escherichia coli TOP 10. 

To ensure the transition from GO to rGO, the particles of rGO were characterized using 
X-ray photoelectron spectroscopy, which showed a significant reduction of oxygen groups. 
To analyze changes in viability, the authors incubated bacteria with a suspension of rGO 
particles in nutrient media and a physiological solution, measuring the level of fluorescence. 
The introduction of rGO particles showed an almost twofold inhibition of GFP expression 
in a nutrient-rich media regardless of rGO concentration. The authors did not observe a 
decrease in fluorescence when cells were exposed to physiological solution in comparison 
with control. In order to test if rGO particles attach to bacteria, which might somehow 
affect viability, the suspension of cells and rGO particles was analyzed using confocal 
microscopy and a particle analyzer. Detailed analysis of this interaction showed that rGO 
particles are not necessarily toxic in direct contact since bacteria preserve fluorescent 
signals, indicating their activity.  

The authors concluded that interaction of the rGO particles and bacteria depends on 
the type of media, since, on the one hand, it reduced the expression of GFP protein over 
time for bacteria growing in a nutrient-rich media (by half), but, on the other hand, it did 
not cause inhibition of cells since the decrease in the GFP signal was the same as control 
in nutrient-poor media. Thus, additional studies are needed to determine the reasons for 
toxicity and to introduce NPs for the application in microbial fuel cells. 

The candidate performed toxicological studies, partially prepared confocal microscopic 
studies and partially contributed to the writing of the manuscript. The manuscript was 
prepared in collaboration with all the co-authors. 
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3.5 Effect of GO on Bacterial Cells: Role of the Medium 

Type and Electrostatic Interactions 

Gusev, A., Zakharova, O., Vasyukova, I., Muratov, D. S., Rybkin, I., Bratashov, D., … 

Kuznetsov, D. (2019). Effect of GO on bacterial cells: Role of the medium type and 

electrostatic interactions. Materials Science and Engineering: C, 99, 275–281. 

https://doi.org/10.1016/j.msec.2019.01.093 

 

GO is a two-dimensional material, which has outstanding mechanical, electrical, and 
thermal properties that can facilitate energy transfer in microbial fuel cells. Compared to 
rGO, the presence of many oxygen groups is expected to enable this material for surface 
modification strategies. Since oxygen groups can form hydrogen bonds with the cell 
membrane, we can also expect that this material can be applied as an intermediate layer 
in our developed process of PE deposition, which would separate a toxic layer of positively 
charged PEs with the cell membrane. Although the deposition of particles should be 
relatively straightforward, there are no coherent conclusions about toxicity to bacteria. 
Accordingly, in many cases, the introduction of GO particles demonstrated a strong 
inhibiting activity against Gram-negative, while in others against Gram-positive bacteria. 
Thus, the authors aimed to study the effect of GO particles on cell viability using the 
Escherichia coli TOP 10 cells. 

To confirm the composition of GO NPs Raman spectroscopy was applied. By using 
atomic force microscopy, the authors determined the particle thickness to be 1 nm, which 
confirmed the sheet structure of regular GO NPs. To analyze viability, the authors 
incubated bacteria with a suspension of GO particles in both nutrient media and a 
physiological solution, measuring the intensity of GFP protein over time. To assess 
differences in viability, GO was added to the media solution in a concentration gradient. 

The authors found that in nutrient-rich media, the introduction of GO particles to 
bacteria demonstrated a higher toxicity (GFP expression was lower 9 times) than in the 
case of rGO (2 times) at the highest concentration. In the absence of nutrients, a significant 
decrease of GFP (almost 3 times) was only observed when the highest concentration of 
rGO was dispersed in the media. Since it was expected that GO can adsorb on the cell 
surface due to the presence of oxygen groups, which can form hydrogen bonds, the authors 
studied the interaction of cells with GO particles using a confocal microscope and a particle 
analyzer. Although GO particles were found to absorb on the cell surface in physiological 
solution, such interaction did not cause cell lysis as bacteria preserved fluorescence. In 
addition, it was demonstrated that the interaction of live bacteria with GO decreased the 
zeta potential by 14 mV, potentially indicating the effect of electrostatic interaction. 

The authors concluded that GO particles are 4.5 times more toxic than rGO in nutrient-
rich media, while in physiological solution, viability is reduced only at the highest 
concentration by 3 times. The confocal images of cells with GO particles as well as a 
decrease in zeta potential may indicate the electrostatic nature of the interaction. To 
prepare the surface for the introduction of GO NPs, it is necessary to consider the effect 
of concentration as well as further explanation of the mechanisms causing toxicity. 

The candidate performed toxicity studies, partially prepared confocal microscopic 
studies and partially wrote the manuscript. The manuscript was prepared in collaboration 
with all co-authors. 
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3.6 In vivo Capture of Bacterial Cells by Remote Guiding 

Rybkin, I., Pinyaev, S., Sindeeva, O., German, S., Koblar, M., Pyataev, N., … Lapanje, A. 
(2021). In vivo capture of bacterial cells by remote guiding. BioRxiv. 
https://doi.org/10.1101/2021.08.06.455395. The manuscript is in the BioRxiv repository 
and is under final revision for submission to: Small 

 

Since the formation of very precise cellular aggregates is difficult due to their low yields, 
we have developed a solution that allows the aggregates to be enriched using only the 
magnetic properties of the NPs when they are introduced into the coatings. The cells were 
coated in a labeled PE capsule with dye active in a far red spectrum. Magnetic NPs were 
introduced between PE layers to enable magnetic capture. Using Scanning Electron 
Microscopy (SEM), the authors confirmed the presence of metal NPs within the PE layers. 
Moreover, using TLCM it was shown that the coated cells have prolonged the lag phase, 
which would allow the authors to gradually control the release of bacteria from the capsules 
over time. 

In order to prepare an appropriate case, which would also demonstrate the possible 
application of the developed method, we aimed to make delivery systems in living 
organisms using magnetized bacterial cells. Although such a system differs from 
technological setups, the organism conditions allowed us to test the robustness of our 
solution. 

From a biological point of view, several types of bacteria have been found to be effective 
in mitigating the development of cancer, as they can be selectively cytotoxic, can enhance 
the immune response, remain sensitive and detectable for external regulation. However, 
the introduction of native bacteria remains unsafe due to the high immunogenicity of the 
bacterial surface and the general distribution of bacteria in the body, which increases the 
risk of sepsis. To improve the control and safety of the spread of bacteria, as well as to 
facilitate detection, the authors developed and applied a method that allows remote control 
and detection of bacterial cells using a magnetic field in a living organism. 

All coated cells were injected into live mice with or without a magnet. All mice survived 
the cell injection and were alive until the end of the experiment. Using a biofluorescence 
imaging system, we analyzed the fluorescence distribution of cells within the mice. The 
analysis of the obtained images showed that the introduction of a magnet increased the 
concentration of cells by more than 5 times throughout the entire experiment as compared 
with the group in which the magnet was absent. In general, there was no difference in the 
distribution of coated cells between the magnetic and control groups in the organs of the 
mice, since high concentrations of bacteria were used to obtain a sufficient signal. All cells 
were collected mainly in either the lungs or the kidneys of the animals. It was also found 
that mice develop brighter signals over time, and the increase in signal occurs 1.3 times 
faster in the group of magnets. However, the overall intensity remains almost half of the 
value of the control group. 

Summarizing all the findings, the authors have prepared a new method for obtaining 
magnetically guided bacterial cells, which are easily detectable in the far red spectrum. It 
was shown that for high delivery efficiency, the concentration of cells increased by more 
than 5 times, while all animals remained alive during the experiments. With such a simple 
method, it is possible to significantly expand the repertoire of strains for cancer treatment 
and control over the properties of cells to develop safer bacterial therapies. Since the 
environment of blood resembles a liquid environment where the biofilms are naturally 
present, it showed us the ability to orient cells in a living organism merely using a magnetic 
field. 
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The candidate’s contribution includes development of a method for the cell coating, 
image analysis, statistical analysis, preparation of figures and partial writing of the 
manuscript. 
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Chapter 4 

4 Discussion and Summary 

The present work contributes to the scientific knowledge on: (i) the preparation of methods 
for confinement of cellular biomass based on electrostatic interaction, (ii) evaluation of the 
toxicity of selected PE coatings on various bacterial strains and (iii) the studies of cell 
growth of the bacteria confined in PE coatings. We also demonstrated how the difference 
in cell exposure to the PEs and NPs affects the toxicity assessment, making the results 
inconsistent between studies. In particular, there have been made several particular 
contributions such as: (i) the preparation of the method for the deposition of PEs, avoiding 
toxicity and excessive aggregation, (ii) the study of the physiological parameters of the 
cells confined in PE coatings (i.e. growth rate, GFP expression and microcolony formation), 
(iii) the effects of PEs and NPs on viability of bacteria and differences in toxicity between 
various strains, and (iv) the preparation of concepts for the method application.  

According to our study (Section 3.1), first, we could get separately coated cells, which 
allowed us to study the effects of PE coatings on the physiology of cells. Secondly, we were 
the first to demonstrate that PE confinement affects the physiology of bacteria by 
prolonging the lag phase and increasing nonspecific transcription. The delay in the growth 
could be attributed to: (i) a decrease in cell viability, (ii) a reduced diffusion, or (iii) the 
strength of the PE coating, which depends on the type of the PEs, their branching and 
numbers as well as on the ionic strength of the medium. In contrast to other studies 
(Balkundi et al., 2009; Franz et al., 2010; Jonas et al., 2018), we did not observe any 
reduction in cell viability since the tested strain could tolerate a positively charged coating 
and was viable under the microscope. The decrease in diffusion could be associated with (i) 
biological aspects of cells (i.e. production of appendages), (ii) aggregation of coated 
bacteria, and (iii) low permeability of the PE coatings.  

Since we optimized the procedure to carefully coat individual cells and the growth rate 
of the cells coated in a pair of PE layers was not different from the control, we did not 
observe a significant decrease in diffusion properties, which could lower the viability. In 
particular, we chose the most appropriate growth stage to minimize the presence of cell 
appendages to efficiently coat bacteria not causing aggregation, where aggregation can be 
the major cause of lowered diffusion. The efficiency of this approach was confirmed by the 
fact that the polydispersity index of coated cells had lower values than that of cells coated 
according to the previously developed protocols. Additionally, due to the diversity of the 
structures of the cell envelopes (e.g. flagella, pili, EPS, Gram architecture), we also expect 
that softness parameters must be determined on a case-by-case basis. As a result, we expect 
that such parameters as concentration of PEs, centrifugal force, type of PEs and number 
of layers, concentration of cells and their growth phase should be optimized for each specific 
strain in order to achieve the best possible coating. 

A decrease in the diffusion of PE capsules should also not occur, since several studies 
of the activity of the encapsulated enzymes in capsules with similar thickness showed that 
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enzymatic substrates larger than 6 kDa, such as short peptides and dextran molecules (1 
kDa in our case), freely pass through the capsule (Antipov et al., 2002; Qiao, Galvosas, 
Adalsteinsson, Schönhoff, & Callaghan, 2005). Since our coating of 4 PE bilayers does not 
obviously reduce diffusion, each PE bilayer significantly increases the strength of the 
coatings (Vinogradova, 2004). Therefore, we concluded that cell growth was counteracted 
by a force, which was correlated with the number of PE layers. We observed that growth 
delay was significantly correlated with the number of layers, while the choice of PEs or 
media conditions was the same throughout the experiment. As a result, the addition of 
each PE bilayer increased the time of the onset of the first cell division and exponential 
phase, confirming the first hypothesis that the capsules create a force opposing cell growth 
and its division, resulting in the prolonged generation time.  

Since we assumed that bacteria can lose the anabolic regulation over time due to strong 
confinement, the effect of a confinement on gaining cell mass was investigated. By 
increasing the thickness of the PE capsules, we observed an extreme case, where the 
division process of certain bacteria was stalled, causing a disproportionate increase in cell 
size (more than 2 times) as well as an increase in protein production (more than 5 times). 
The most similar published results, which we tried to compare, were the effect of 
hydrostatic pressure on physiology. It was reported that exposure of cells to elevated 
hydrostatic pressure showed inhibition of cell division by preventing the formation of 
septum (blockade of ftsZ protein), (Bartlett, 2002; Ishii et al., 2004) or increasing their size 
(Yayanos & Pollard, 1969). However, in our experimental setup, we did not interfere with 
the diffusion of metabolites or nutrients inside and outside the cell envelope, as well as 
with the solubility of gases. Therefore, it allowed us to attribute the disproportion of cell 
size only to the mechanical force of confinement, which could cause the constant 
engagement of the anabolic metabolism of cells. Since bacteria were not present in the 
nutrient-deficient conditions, this should engage the accumulation of free phospholipids 
that inhibit the activity of Guanosine Pentaphosphate (ppGpp), which prevents cytoplasm 
from exceeding the cell capacity by suppressing transcription. Therefore, inhibition of 
ppGpp should lead to an increase in the production of cellular components, which can 
indirectly increase the concentration of GFP due to the production of (i) more plasmids or 
(ii) more genomic DNA, resulting in an increase in the number of free available RNA 
polymerases, which can lead to a decrease in the specificity of RNA polymerases 
transcription. Since chromosomes are synthesized faster than division occurs (Klumpp & 
Hwa, 2008), it results in the disproportion of gene copy numbers and proteins, especially if 
the cells cannot divide due to constraint. The stalling division, which prevents dilution of 
intracellular proteins, including RNA polymerases, should even more decrease the 
specificity of transcription and increase leakage, resulting in an increased GFP signal. From 
this point of view, it can be expected that GFP can be increased by free available RNA 
polymerases that bind to GFP gene copies or consequently bind to the same GFP gene. 

Although the obtained results confirmed the second hypothesis that the leakage 
expression of genetically produced constructs will be increased in confined cells, the specific 
mechanisms require further study. In particular, since cells were observed to produce large 
amounts of proteins, transcriptome studies are needed to determine changes of RNA 
synthesis of confined cells. Also, it is further needed to determine changes that may lead 
to an increase in the amount of phospholipids, chromosomes and plasmids.  

Since, in many cases, the introduction of PEs exhibited controversial results in viability 
between different Gram architectures (Carmona-Ribeiro & de Melo Carrasco, 2013; Gibney 
et al., 2012; Jain et al., 2014) or even within one Gram architecture (Carmona-Ribeiro & 
de Melo Carrasco, 2013; E. Kenawy et al., 2002), we examined what conditions might 
contribute to controversial outcomes (Section 3.2). For the first instance, our study 
demonstrated that toxicity is mainly a factor of exposure since in classical MIC tests when 
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PEs were constantly present in solution, we observed similar inhibition of both strains, 
despite the difference in susceptibility. However, there was no toxicity observed for the 
resistant strain when PEs were introduced by the LbL manner. Since PEs are supposed to 
be bactericidal due to a positive charge, we can expect that the most obvious contribution 
of toxicity is reached when the cell surface is fully coated. Therefore, we might expect that 
MIC tests will not provide obvious reasons for toxicity, as PEs spread in the medium could 
decrease the availability of nutrients due to electrostatic interaction or increase the 
osmolarity of the solution. However, the contribution of these conditions, which 
additionally promote the toxicity, requires further study. 

The data obtained from STED microscopy confirmed that the effect of a single layer of 
the four selected PEs is strain-dependent since the toxicity and penetration of PEs was 
observed only in the cells of P. stutzeri. Although we proposed that E. coli has more 
mechanisms for cationic antimicrobial resistance than P. stutzeri, it would require 
performing transcriptomic studies to determine the contribution of specific genes. Since 
particular genes might be the major cause of resistance, several knockout models should be 
prepared. It is assumed that toxicity is mainly caused by an excess of positive charge 
(Carmona-Ribeiro & de Melo Carrasco, 2013; Timofeeva & Kleshcheva, 2011). By 
decreasing the concentration, we reduced the amount of the positive charge, which 
significantly improved viability. According to our results, we confirmed the third 
hypothesis that, on the one hand, the type of cells determines the most appropriate PEs 
for coating, while the major contribution to toxicity is made by the total positive charge 
of PEs.  

Although we did not see any statistically significant differences between PEs of different 
molecular weights deposited by the LbL manner, we do not exclude that lower molecular 
weights can be toxic as previously shown in conventional tests (Carmona-Ribeiro & de 
Melo Carrasco, 2013; Timofeeva & Kleshcheva, 2011) since the shortest PAH had the 
greatest ability to penetrate the cell wall. Since most biotechnological processes for 
production of cell biomass occur in the liquid phase, we suggest using PEI PEs for LbL 
coatings, as PEs that contain primary amines were found to be more toxic in our case and 
in other studies (Palermo, Lee, Ramamoorthy, & Kuroda, 2011). However, it is clear that 
further research is needed to understand the reasons for this prevalence of binding. 

Since we developed a method appropriate for entrapment of individual cells without 
compromising their viability, we have also prepared the proof of concept of the artificial 
formation of living biofilm (Section 3.3). Many strains were found to be susceptible to the 
effect of PEs and a decrease in electrophoretic mobility showed better viability, we reduced 
the linear charge densities by introducing acetyl groups, which significantly improved the 
viability of bacteria. We expect that the prepared solution can be useful as it allows us to 
achieve the optimal ratio of viability to surface charge for each bacterial strain. Since only 
certain cells can form a biofilm due to surface repulsion (Adair et al., 2001; Hori & 
Matsumoto, 2010; Palmer et al., 2007), coating either bacteria or an inanimate surface with 
PEs, allowed the cells to attach and to form a biofilm. Initial attachment of cells over 
several hours resulted in the surface population by bacteria, even for biofilm non-forming 
strains. From a physical point of view, the interaction of bacteria with the surface is 
equilibrated with repulsion caused by electrostatic forces and attraction caused by Van der 
Waals forces. Such interplay leads to the formation of energy minima, where the cell can 
attach irreversibly (primary minimum) or may be in a transitional stage, which is 
equilibrated by repulsion (secondary minimum). Since in our system we reduce the energy 
barrier caused by electrostatic forces by changing the charge of bacterial cells, it helps the 
cells to promote irreversible attachment, which should be corresponded to a primary energy 
minimum. Thus, we have confirmed the fourth hypothesis that increased time and stronger 
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interaction with the surface can induce more efficient biofilm formation of biofilm forming 
and biofilm non-forming bacteria. 

Since we could stimulate cell growth, it was tested whether an artificially deposited 
probiotic strain could mitigate the growth of pathogenic cells. Although we clearly observed 
that artificial biofilm further controls surface population by inhibition of pathogenic cells, 
additional studies are needed to explain the mechanisms that are involved in growth 
inhibition. As surfaces become corroded (Rijavec et al., 2019) or contaminated by 
pathogenic microbes (Chaoui, Mhand, Mellouki, & Rhallabi, 2019; O’May, Jacobsen, 
Stickler, Mobley, & Shirtliff, 2008) it can be expected that the primal deposition of modified 
live bacteria can cause a controllable population of the surface only with beneficial bacteria. 
In addition, we can expect that electrostatic attachment of cells can also prevent their 
detachment in wastewater treatment systems as well as improve bioaugmentation 
(Horemans et al., 2017). 

To investigate the ambiguities in toxicity caused by NPs before using them in the LbL 
manner, we analyzed the effect of rGO and GO on the viability of bacteria (Sections 3.4 
and 3.5, respectively). Accordingly, in all cases, we did not observe any membrane 
disruptions as it was proposed for Gram-negative bacteria (Tang et al., 2013) since the 
cells preserved the integrity and GFP signal under confocal microscopy and 
spectrophotometric studies for both types of particles. However, the intensity of GFP 
decreased when cells were exposed to rGO and decreased even stronger when GO was used 
at high concentrations in the medium, indicating the interference of NP with cell growth. 
We can expect that the interaction of GO particles with cells can be mediated via hydrogen 
bonds (Pulingam et al., 2019). While the interaction of rGO particles with cells can be 
mediated via hydrophobic interaction (Tan et al., 2019). However, both interactions might 
be compensated by electrostatic repulsion (Romero-Vargas Castrillón et al., 2015). Since 
no GFP leakage was observed, it makes other mechanisms as oxidative stress or just the 
effect of graphene contaminants as acids that can oxidize the membrane (Barbolina et al., 
2016) more prominent to cause the cell damage rather than direct membrane damage. In 
particular, oxidative stress can occur when the oxygen groups of graphene NPs come into 
contact with the cell membrane (especially for GO) oxidizing it. However, our tests did 
not include the effect of GO or rGO when they are introduced in the LbL manner, although 
in the demonstrated cases in the LbL manner there was no inhibition (L. He et al., 2021; 
H. Luo et al., 2018; Yang et al., 2012). Thus, it is necessary to further investigate the 
reasons for the cell growth inhibition and the effect of NP in PE capsules.  

Since the yield of cell aggregates may be low due to the laboriousness of the work, we 
developed a method for the deposition of paramagnetic NPs to enrich the cell aggregates 
merely using a magnetic field. In order to demonstrate a relevant case, which would allow 
us to solve problems related to moving cell biomass, we chose biomedical application of the 
coated cells. The bacterial cells have been shown to be potential anticancer agents as they 
are toxic to tumors, can induce immunity and are self-propulsive (Forbes, 2010). Since 
current strategies of bacterial action are based on the passive accumulation of bacteria in 
tumor regions due to the most favorable conditions (Toso et al., 2002), it does not allow 
to further develop a solution for cancer treatment using bacteria. Therefore, we prepared 
a case for remote guiding and detection of bacteria using magnetic NP and fluorescently 
labeled PEs deposited onto the bacterial surface (Section 3.6). Since the specificity of 
magnet targeting of bacterial cells was 5 times higher than non-magnet exposure, we 
confirmed the fifth hypothesis that by surface manipulation, we expect to remotely control 
the position of cells in a tumor tissue being not dependent merely on the ability of bacteria 
to colonize the tumor region. Most importantly, during the experiment, we did not observe 
strong side effects such as septic shock, which could be caused by excessive amounts of 
bacteria (Ali, Jabir, Al-Shmgani, Sulaiman, & Sadoon, 2018). Thus, we envision that under 
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conditions of controlled release, bacteria can further be used for development of adjuvant 
components of vaccines, not involving genetic modification. However, additional studies 
are needed to prove the safety of introducing bacteria, reduce the distribution of bacteria 
and optimize initial quantity. In our demonstrated case of the proof of concept, it will be 
needed to find the optimal strain for suppressing tumor growth and to test the antitumor 
activity in an in vivo system. Due to the presence of bacteria in the organism, it is necessary 
to extend their circulation time in the body and also to make the immune response 
smoother. To prolong stealth circulation, the surface of bacterial cells can be coated with 
polysaccharides or PEs that reduce the overall charge and prevent capture by immune cells 
similarly, as shown for inanimate particles (Yoo, Chambers, & Mitragotri, 2010). Such 
shells are expected to become an intermediate layer between the surface and the immune 
system, shielding the toxic parts of the membrane and reducing the capsule charge, which 
should prevent further opsonization. As a result, it will make the immune adaptation 
smoother. The use of electrostatic interaction can also increase adherence to the vasculature 
due to altering the cell surface charge and significantly improve viability of bacteria if 
tumors are present in regions with harsh conditions since PE capsules were shown to 
protect cells in bile conditions (Anselmo et al., 2016).  

In summary, the most important steps to make multicellular structures are: (i) the 
mitigation of PE toxicity for bacteria, (ii) the preparation of tailor-made coatings for each 
of the cell types, and (iii) the adjustment of the physiological parameters of bacteria 
depending on the composition of the consortia using PE coatings. Toxicity can be reduced 
by decreasing the PE concentration or its linear charge density. In order to uniformly coat 
bacteria, each strain requires determination of softness properties and optimization of the 
protocol for PE deposition. If complex consortia need to be created, the growth rates and 
metabolic conditions of each microbe must be considered. To increase the number of 
multicellular aggregates, paramagnetic NPs can be introduced between PE layers of 
aggregates and separated from the rest of biomass using a magnetic field. Additionally, the 
surface of the aggregates can be functionalized with different NPs to add new modalities 
such as mechanical stability, conductivity, catalytic activity and others. 
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Chapter 5 

5 Conclusions 

The main goal of our work was (i) to develop a method for the PE deposition on different 
bacterial cells and (ii) to study biological responses caused by changing the cell surface 
properties at a single cell and at population levels. To achieve the main goal: (i) we 
prepared a method of the PE deposition and (ii) we studied the effect of physical constraint 
of PE coatings on cell growth. The related hypotheses were that an increase in the number 
of PE layers would prolong the generation time and increase the leakage expression of 
genetic constructs due to the constant engagement of anabolic metabolism. Accordingly, 
at a single cell level, we found that the duration of the lag phase and the generation time 
of coated bacteria were proportional to the number of deposited layers. In extreme cases, 
the division was stalled, while leakage of GFP expression and the size of coated cells 
increased by factors 5 and 2, respectively. 

Since in our preliminary experiments the toxicity of PE was strain-dependent, in the 
third goal we aimed to determine the difference in toxicity between different species with 
the same cell wall architecture. Thus, the third hypothesis was that the cell type would 
determine which PE with its physio-chemical properties would be the most suitable to 
preserve viability, while the major contribution is the total charge of the PEs. After 
deposition of PEs, they were mostly present inside P. stutzeri cells or on the surface of E. 
coli cells. This led to a decrease in the viability of P. stutzeri cells and the same viability 
of E. coli cells. In P. stutzeri, the PE toxicity depended on the type of exposure. In 
particular, PEs containing primary amines were more toxic in liquid media and less toxic 
on solid media. However, a decrease in positive charge of PE increased the viability of cells. 
For the convenience of coating, we also applied the acetylation of PEs, which reduced the 
positive charge of the molecules. In addition to the investigation of the ambiguities in 
toxicity, we have identified a decrease in growth using GO and rGO particles, while the 
reasons for the decrease require further study.  

In the fourth goal we aimed to study the effect of the cell surface modification by PEs 
on the longevity of cell attachment, development of microcolonies and changes in its shape. 
Accordingly, the fourth hypothesis was that the increased time and stronger interaction 
with the surface can induce more efficient biofilm formation of biofilm forming bacteria as 
well as it can facilitate attachment and biofilm formation of biofilm forming and non-
forming bacteria. The introduction of positively charged PEs significantly prolonged the 
longevity of attachment of both biofilm forming and biofilm non-forming species. As a 
result, we demonstrated the case of constructing an artificial biofilm by attaching probiotic 
microbes, which prevented further growth of a potentially pathogenic strain. At the 
population level, the coated cells were found to form more spherical colonies depending on 
the thickness of the coatings. 
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The fifth goal was related to the development of a method that makes cells responsive 
to magnetic fields in order to facilitate manipulation with cells during aggregate 
preparation. To test this system, we placed cells in a living organism, which also helped to 
improve guiding of bacteria. The related hypothesis was that by surface manipulation we 
expected to remotely control the position of bacteria in the tumor tissue being not 
dependent merely on the bacterial ability to colonize the tumor region. The results showed 
that by using magnetic field the specificity of targeting can be increased more than 5 times 
even after the magnet is removed. Since the environment of blood resembles a liquid 
environment where biofilms are naturally present, it showed us the ability to orient cells 
in a living organism merely using a magnetic field.  

In summary, the modification of the bacterial surface using electrostatic attachment of 
PE layers for preparing multicellular aggregates requires: (i) reducing PE toxicity for 
bacteria, (ii) preparing tailor-made coatings for each of the cell types depending on the 
properties of the cell surface, and (iii) regulating the physiological parameters of bacteria 
depending on the composition of the consortium using PE coatings. It has been found that 
many cells are susceptible to positively charged PEs even within the same Gram 
architecture, which requires a reduction in toxicity either by decreasing the PE 
concentration or its linear charge density. In order to uniformly coat a single cell, it is 
necessary to determine the softness properties of each strain and to optimize the protocol 
for PE deposition by choosing the optimal type of PE, its concentration, number of layers 
and conditions for washing as well as careful selection of the growth phase and number of 
cells. If complex consortium is needed to be created, the growth rates and metabolic 
conditions of each microbe must be considered to keep cell biomass together. The growth 
rates are expected to be regulated by the strength of PE capsules, which will define the 
time of the first division. To keep various bacteria attached on an inanimate surface, the 
latter can be additionally modified with positively charged PEs, which will prolong the 
attachment of newborn cells. For increasing the number of multicellular aggregates, the 
cell surface can be functionalized with paramagnetic NPs introduced between PE layers of 
the aggregates and separated from the rest of biomass using a magnetic field. In addition, 
the surface of the aggregates can be functionalized with different NPs to add new modalities 
such as mechanical stability, conductivity, catalytic activity and others. However, the 
toxicity of these NPs and methods for reducing toxicity must be considered on a case-by-
case basis. 
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