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STRESZCZENIE
Jednym z wyzwań przed którymi stoją dynamicznie rozwijające się nowe dziedziny
nanobio- i bionano- technologii są oddziaływania na granicach w układach
biologicznych. Niniejsza praca odnosi się do tego zagadnienia i skupia na interakcjach
nanocząstek, bakterii i powierzchni ciał stałych. Obiekty badawcze zostały dokładnie
scharakteryzowane z zastosowaniem metod mikroskopowych (OM, NTA, FM, SEM,
TEM), spektroskopowych (AAS, XPS, RS, EDX) oraz powierzchniowo-czułych (CA,
pomiar ζ-potencjału, określenie pracy wyjścia).
Ustalono, że ζ-potencjał odpowiada za skuteczność przyciągania nanocząstek do ścian
komórkowych bakterii, co opisano w ujęciu teorii DLVO (model geometryczny: sferasfera). Potencjał ζ został zaproponowany jako kluczowy deskryptor oddziaływań
pomiędzy nanocząstkami i bakteriami.
Materiały grafenowe modyfikowano z zastosowaniem plazmy tlenowej, uzyskując
powierzchnie o różnych właściwościach elektrodonorowych i badano pod kątem
kolonizacji bakteryjnej (większa ilość tlenowych grup funkcyjnych, wyższa wartość
pracy wyjścia, wyższy stopień kolonizacji). Uzyskane wyniki zostały zinterpretowane
w oparciu o teorię DLVO (model geometryczny sfera-płaszczyzna) i pozwoliły wskazać
pracę wyjścia jako kluczowy deskryptor oddziaływań na granicy bakterie-powierzchnie.
Zaproponowano obniżanie wartości pracy wyjścia jako strategię prewencji przeciw
infekcjom bakteryjnym biomateriałów.
Przeprowadzano modyfikację powierzchni materiału grafenowego z zastosowaniem
nanocząstek jako nanobiotechnologiczne podejście przeciwko infekcjom bakteryjnym.
Wykazano, że nanocząstki Ag i Au mają różny wpływ na kolonizację bakteryjną: AuNPs
stymulują adhezję bakterii, a AgNPs ją ograniczają. Powierzchnie sfunkcjonalizowane
AgNPs wykazują właściwości antybakteryjne wynikające z ułatwionego transferu
elektorów z powierzchni do tlenu, tworząc jego reaktywne formy, które bezpośrednio
przyczyniają się do niszczenia komórek bakterii.
Dodatkowo, zaproponowano nowoczesną bionanotechnologiczną strategię produkcji
katalizatorów strukturalnych z użyciem niepatogennych bakterii. Takie podejście
wykorzystuje naturalną zdolność mikroorganizmów do kolonizacji powierzchni, a także
oddziaływania pomiędzy bakteriami, nanocząstkami i powierzchniami.
Przeprowadzone badania i uzyskanie wyniki dostarczają fundamentalnej wiedzy o roli
czynnika elektronowego w oddziaływaniach na granicach faz nanocząstki-bakteriepowierzchnie. Mają one wkład w rozwój bionano- i nanobio- technologii, a także
rozwinięcie ogólnego modelu oddziaływań na badanych granicach faz. Ustalone
korelacje stanowią podstawę przyszłych badań nad projektowaniem i rozwojem
funkcjonalnych materiałów wykorzystywanych w katalizie i biomedycynie.
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ABSTRACT
One of the most challenging issues in dynamically growing nanobio- and bionanotechnology are interactions at biointerfaces. This work referred to these scientific
subjects and focused on nanoparticles-bacteria-solids interactions. The investigated
objects were thoroughly characterized by a wide range of experimental microscopic
(OM, NTA, FM, SEM, TEM), spectroscopic (AAS, XPS, RS, EDS), and surface-sensitive
methods (CA, ζ-potential measurements, work function determination).
It was revealed that zeta potential governs the attachment efficiency of nanoparticles
to the bacterial cell wall, which was described in terms of DLVO theory (sphere-sphere
geometrical model). ζ-potential was proposed as a key descriptor of interactions
between bacteria and nanoparticles.
By application of oxygen plasma, graphenic materials were modified to obtain surfaces
with different electrodonor properties which were investigated towards bacterial
colonization (the more surface oxygen groups, the higher the work function and
colonization rate). The obtained results were rationalized in terms of DLVO theory
(sphere-plate geometrical model) and allowed to consider the work function as a key
descriptor of interaction at the bacteria-surface interface. Lowering of the work function
was proposed as a strategy for the prevention of bacterial infections of graphenic
biomaterials.
As a nanobiotechnological approach against bacterial infection, the functionalization
of graphenic material with the use of metallic nanoparticles was performed. It was
found that Ag and Au nanoparticles have the opposite effect on bacterial colonization:
AuNPs stimulate bacterial adhesion, and AgNPs limit the colonization. The AgNPfunctionalized graphenic surfaces have antibacterial properties resulted from
facilitated electron transfer from the surface to oxygen species which directly damage
bacterial cells.
Additionally, the novel bionanotechnological strategy of structural catalysts
preparation with the use of non-pathogenic bacteria was proposed. Such an approach
utilizes the microbial ability for surface colonization, and electrostatic interactions at
bacteria-surface, and bacteria-nanoparticles interfaces.
The conducted research and obtained findings provide new fundamental knowledge
on the role of an electronic factor in nanoparticle-bacteria-solids interactions. The
presented studies allows to fill the knowledge gap in nanobio- and bionano- technology
research and develop the general models of interactions at the above-mentioned
biointerfaces. The established scientific basis gives the background for future research
into the design and development of functional materials for catalysis and biomedicine.
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PREFACE AND STRUCTURE OF THE THESIS
The presented Ph.D. thesis was carried out at the Faculty of Chemistry JU in the
Materials and Surface Chemistry Group, and at the Department of Molecular Medical
Microbiology, Faculty of Medicine CMJU.
This interdisciplinary doctoral dissertation was prepared within the crossinstitutional Ph.D. Studies “Interdisciplinarity for Innovation Medicine”
InterDokMed funded by the National Centre for Research and
Development (NCBiR).
The largest part of the research was performed within the frame of the
scientific project “An innovative method for preparation of structural
catalysts - the application of microorganisms for the homogeneous
deposition of nanoparticles over support” OPUS funded by the Polish
National Science Centre (NCN).
This Ph.D. thesis consists of 4 scientific articles: 1 prepared manuscript and 3 published
in established peer-reviewed journals listed in Journal Citation Reports. The thesis is
divided into four main parts:
1. Introduction provides a brief background of the study and overviews the current
research on nanoparticle-bacteria-surfaces interactions (Chapter 1). The second section
(Chapter 2) describes the aim and structure of the dissertation.
2. Experimental part concerns the methodologies of the conducted experiments. The
first part describes research objects (nanoparticles, bacteria, surfaces) with their
physicochemical characterization (Section 3.1.). The second section concerns studies of
the nanoparticles-bacteria and bacteria-solids interfaces (Section 3.2.) and the
concluding part is connected with the design and preparation of functional materials
(Section 3.3.). Details of all experiments are described in the articles appended in the
Annex.
3. The results and discussion part provides the description of the obtained results,
their interpretation, and discussion referring to the current state of knowledge
(Chapter 4). The subsequent section (Chapters 5 – 6) summarizes the thesis and
provides conclusions. This part is concluded with a list of references (Chapter 7).
4. Annex consists of completed scientific articles forming an integral part of the thesis.
The appended Articles are arranged in the logical order of described topics within the
thesis. The co-authors’ statements about individual contributions are provided at the
end of this Part.
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1. INTRODUCTION
The following Chapter introduces basic scientific background for this Ph.D. thesis.
It is focused on fundamentals in the investigated fields of nanobio- and bionanotechnology. Definitions of these new emerging and overlapping research areas are
provided for better understanding and justification of the described studies. The
conducted interdisciplinary investigations of interactions at biointerfaces permeate into
many disciplines and could be applied in vital scientific fields such as catalysis and
biomedicine. Therefore, this Chapter gives a brief overview of bionanotechnological
approaches for the innovative synthesis of functional materials with the use of bacteria.
Finally, novel nanobiotechnological strategies against bacterial infections are
introduced in the context of biomaterials.

1.1. BACKGROUND TO NANOTECHNOLOGY
The 21st Century is recognized as an era of the nanoscience revolution. Nowadays, any
technology that includes manipulations in nanoscale is treated as a form of nanotechnology. This constantly and rapidly growing discipline is used in many areas such
as materials engineering, electronics, medicine, healthcare, energy, biotechnology,
security, food industry, and information technology. Fast-growing interest in nanotechnology was facilitated by the invention and development of scanning tunneling
microscopy and atomic force microscopy in the 1980s. These methods opened new
opportunities for observations, measurements, and manipulation of nanostructured
objects. An object is defined as a nanostructure when it has at least one dimension
in the nanoscale range from the size of an atom (0.05 nm – 0.25 nm) up to 100 nm.
Although nanoobjects (i.e. nanoparticles, nanowires, carbon nanostructures) are
extensively investigated nowadays for their specific and targeted applications, some
were unwittingly but intentionally applied over centuries for glass staining (Au, Ag, Pd
nanoparticles), Damascus steel manufacturing (carbon nanotubes), and iridescent
pottery glazing (Au, Pd, Pt, Ag nanoparticles)1–3.
In general, nanotechnology refers to developing, manufacturing, manipulating and
application of the matter in a nanoscale. Among various branches of nanotechnology,
the areas interlaced with life sciences are of special interest due to their dynamic
development. In this context, two interdisciplinary fields of nanotechnology overlapped
with biotechnology can be found in literature: nanobiotechnology and bionanotechnology4,5. Although many researchers used these terms interchangeably, there is
an ongoing scientific debate considering their exact meaning and proper nomenclature.
However, the exact definitions have not been formalized yet. Due to rapid progress in
nanobio- and bionano- technologies, there are some knowledge gaps in their scientific
basis and fundamentals. There is still a deficit of model studies, descriptors, and key
parameters of interactions at biointerfaces. The main differences between bionano- and
nanobiotechnology are discussed in parallel in the following Chapter.
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BIONANOTECHNOLOGY
Bionanotechnology emerges from biotechnology utilizing biological materials, processes
and systems for designing and developing nano-enabled solutions (Fig. 1.1.). In general,
bionanotechnology refers to the use of biotechnological approaches in nanoscience. The
solutions offered by this subdiscipline are often considered bio-inspired and derived
from biology. Bionanotechnology includes DNA and RNA technologies, proteins and
lipids film technologies, nanomachines, viruses and microbe utilization. Various
bionanotechnologies could be applied in novel functional materials prepared with the
use of viruses and living organisms, 3D structure manufacturing utilizing self-assembly
properties of biomolecules (nucleic acids, peptides, proteins, lipids), nanofilm
production with the use of biomolecules, molecular machines construction6–11.

Fig. 1.1. The convergence of the research fields of nano and biotechnology with emerging applications.

NANOBIOTECHNOLOGY
Nanobiotechnology arises from nanotechnology exploiting their advances and achievements for studying biological systems and developing new solutions for life science goals
(Fig. 1.1.). Nanobiotechnology includes diagnostics, bioimaging, innovative therapies,
drug delivery systems, new solutions for biomedicine, biological assays, biosensors,
devices for stem cell research, and computing systems, among others. There are many
examples of nanobiotechnological advances, such as biosensors for clinical diagnosis,
hybrid materials including nanoparticles for detection and/or pathogen killing,
conductive nanomaterials for tissue engineering, nano and microfluidic biochips,
medical bioimaging (magnetic resonance, computed tomography, positron emission
tomography, optical imaging) with the use of nanoparticles12–19.
Although bionano- and nanobiotechnology are closely related by terminology, they
constitute separate research fields. However, the overlapping usage of these terms
in literature leads to the necessity of discussing them jointly in current research trends.
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1.2. RESEARCH TRENDS
As introduced above, bionano- and nanobio- technologies are currently extensively
explored research fields. The achieved scientific advances result in their application in
several industrial fields. Due to significance for human health and civilization
development, the research area of functional materials is of high importance. Special
attention is focused on alternative solutions for catalysis and biomedicine.
According to the Scopus Database, the number of scientific papers (original articles,
reviews) focused on nanobio- and bionanotechnology has been dynamically growing
over the last two decades. Part of these papers was related to medical and catalytic
aspects as shown in Fig. 1.2. Most of the research was devoted to Materials Science,
Biochemistry and Genetics, Chemistry and Engineering (Fig. 1.2. pie chart).

Fig. 1.2. The number of scientific papers referring to nanobio-/bionanotechnology and their medical and
catalytical aspect together with the pie chart presenting the scientific areas in nanobio and bionanotechnology.

As presented in Fig. 1.2., specific applications of nanobio- and bionanotechnology
in medical and catalytic fields remain a research niche. Therefore, there is a strong
need to study such scientific subjects. It should be emphasized, that the work conducted
in the following Ph.D. thesis merged the current research trends of nano- and bioinvestigations.
Taking into account possible utility of the carried out research for materials
development, a brief description of such application is provided in the next Sections.
The first one refers to bionanotechnological approaches for functional materials
production, and the second concerns novel nanobiotechnological strategies against
pathogen infections.
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1.3. BIONANOTECHNOLOGY FOR FUNCTIONAL MATERIALS
Materials science has been always playing a pivotal role in dynamically growing
development of the civilization. This occurred since the first rudimentary direct
application of found minerals and materials through transforming them into useful
tools, to precise engineering leading to sophisticated devices. For centuries, materials
science has been one of the primary drivers of all industrial branches. As pointed out
in the previous Section (1.1.), nanotechnology is currently considered an important
driving force for the global industrial revolution. Due to miniaturization, materials gain
new functionalities, which are extensively investigated in many research fields such
as electronics, chemical engineering, catalysis, biomedicine, agriculture, and many
others. Special emphasis is placed on functional materials that possess specific
characteristics and exhibit particular functions of their own. This group covers all
material classes including composites, metals, ceramics, polymers, nanoparticles, small
molecules, and molecular crystals. Aside from the functionality of the current
materials, which are highly advanced, there is a need for new natural and environmentfriendly approaches to their preparation. Hence, the bionanotechnological strategies
are of dynamically growing interest.

BACTERIA BEHIND TECHNOLOGY
Bionanotechnological approaches for materials science utilize biological processes,
biomolecules, viruses, and living organisms. Due to high adaptability, and strong
survival abilities in any conditions, bacteria are objects of special research attention.
Bacteria cell sizes range from 400 nm (Nanoarchaeum equitans) to even 0.3 mm
(Thiomargarita namibiensis)20,21. The bacteria possess various shapes such as spheres
(cocci), rods (bacilli), and spirals (spirilla)22. In general, bacteria are divided into two
categories: Gram-positive and Gram-negative depending on their cell envelope
morphology.

To

differentiate

bacteria,

the

Gram-staining

method

is

used:

Fig. 1.3. Main differences between Gram-positive and Gram-negative bacteria. Optical microscopy and TEM
images of S. carnosus (Gram-positive), and P. putida (Gram-negative). CM – cell membrane, OM – outer
membrane, PPL – peptidoglycan.
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Gram-positive are purple, and Gram-negative are pink (Fig. 1.3.), which can be
observed in an optical microscope. Gram-positive bacteria possess a thick cell wall
(20 – 100 nm) consisting of dense peptidoglycan layer and attached chains of lipoteichoic
(LPA) and wall teichoic (WTA) acids. In Gram-negative bacteria, the cell wall is much
thinner (2 – 20 nm) and includes an additional outer membrane supplied with
lipopolysaccharides (LPS)23–26. The chemical functional groups of the external cell part
contribute to a net surface charge, which is usually negative for bacteria with a value
characteristic for various bacterial species. In the case of Gram-negative bacteria, the
ionization of 2-keto-3-deoxyoctonate carboxylate and phosphoryl groups present in the
LPS plays an important role in the formation of negative charge. The phosphoryl groups
located in the LTA and WTA generate the net negative charge of the Gram-positive
bacterial cells27–29. As a natural strategy for surfaces’ colonization and survival, bacteria
can produce biofilm, which protects them against severe environmental conditions.
Interestingly, some bacterial species (Salmonella typhimorium, Magnetospirillum)
possess additional structures (pili, flagella) responsible for their motility with a speed
reaching even 1 mm per second in fluids (Candidatus Ovobacter propellens)30–32.
Living bacteria are able to metabolize harmful chemical substances such as phenols
and dioxins. Furthermore, some strains produce biodegradable and biocompatible polymers such as nanocellulose, polyhydroxyalkanates, and polyhydroxybutyrates, which
could be efficiently extracted and further utilized33,34. Moreover, bacteria play
an important role in the biogeochemical cycles of elements and exhibit the ability for
biomineralization utilizing redox mechanisms. They can accumulate inside their cells
various chemical elements such as Fe, Mn, Mg, Zn, Ca, S, N, P35–38. Some bacterial
strains produce their own intracellular magnetic systems consisting of nanosized
magnetic iron minerals, which become membrane-enclosed39,40. The biogenesis of such
structures is encoded about 30 genes which could be successfully transferred to other
bacterial strains. Biotechnological advances provide tools for genetic modifications and
therefore it is possible not only to ‘magnetize’ various microbes but also to equip them
with other specific functions.

Fig. 1.4. Schematic presentation of current research strategies utilizing bacteria for functional materials
fabrication.

As described above, bacteria are extremally diverse organisms that exhibit unique
properties and functions. Unsurprisingly, they are of interest to material scientists. The
innovative research strategies in materials development involved bacteria for
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3D printing, nanomaterials and templates fabrication, various chemicals transformation, and delivery of chemical substances (Fig. 1.4). This will be briefly extended
in the following subsection.

3D PRINTING
One of the most novel bionanotechnological approaches using bacteria is in 3D printing
that utilizes bio-inks which contain living bacterial cells and hydrogels. An illustrative
example was presented by Schaffer et al41, based on the application of Pseudomonas
putida with the ability to phenol degradation and leads to the manufacturing
of 3D-printed structures for efficient bioremediation. The same group utilized
Acetobacter xylinum secreting nanocellulose to obtain a complex-shaped 3D structure
of face skin, which could serve (after bacterial removal) as a face skin transplant.
Another interesting application of 3D printing bacterial bio-inks is the manufacturing
of

cereal-based

symbiotic

Lactobacillus plantarum

supplements

WCFS142,43.

containing

probiotic

bacterial

strain

The described examples are the state-of-the-art

bacteria applications in 3D printed structures and highlight progress in bionanotechnological solutions for functional materials manufacturing.

BIOFABRICS
Natural processes conducted by bacteria are commonly known and utilized in biotechnology for the production of organic acids, enzymes, vitamins. However, bacteria
could be used also for nanomaterials fabrication. For instance, Shewanella oneidensis,
and Geobacter sulfurreducens are well-known metal-reducing bacteria, which are
utilized even for scaled-up magnetite (Fe3O4) nanoparticles production35,44. Furthermore, it was reported, that many Shewanella species could produce various metallic
(Au, Ag, Cu, Fe, Pd), chalcogens (Se, Te) and manganese oxide nanoparticles45–47.
Nevertheless, many other bacterial strains are investigated as NPs biofabrics, such as
Clostridium sp. C8, Bacillus subtilis, Stenotrophomonas maltophilia, Escherichia
coli,45,48–52.

Additionally,

researchers

reported

the

bacteria-assisted

synthesis

of nanocomposites (NC) such as Au-Ag core-shell NC (by E. coli), graphene-magnetite
NC, and Ag-reduced graphene oxide NC (by S. oneidensis)53,54. Besides NPs and NC
fabrication, bacteria are investigated as a source of carbon materials dopped naturally
with heteroatoms (N, S, P), which are important for electrocatalytic applications55–57.
Taking into account, the morphology of bacterial cell walls, microbes could serve
as templates for functional material manufacturing. They are used for nanotube
architecture58, and synthesis of hollow structures (ZnO, ZnS, TiO2 spheres and tubes),
mesoporous nanostructures, microrods, and nanowires among others10,56. As described
above, bacteria are multipotent biofabrics that are efficient in functional materials
synthesis.
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BIOCARRIERS
Another promising bionanotechnological approach is employing bacteria as delivery
micromachines of nanomaterials. Using external magnetic fields enables the control
of microswimmers biohybrids stocked with magnetic nanoparticles, which are usually
attached to their surfaces40,59. However, the construction of biohybrids of bacteria and
nanoparticles possess a broader perspective. As shown recently, bacteria with attached
light-active nanoparticles (CdS, ZnS, InP) are efficient in the light-driven conversion
of CO2, N2, and H2O into carbon products, ammonia and hydrogen13. Moreover, such
biohybrids could be uniformly wrapped by flexible metal-organic framework
nanosheets, which efficiently protect the bacterial cell against oxidative stress, and
thus prolong their catalytic activity13,60. The ultimate future functionality of biohybrid
will depend on the choice of microbes and nanocomponents. However, this
interdisciplinary scientific field needs further exploration.
At this stage of research, it seems that bionanotechnology provides infinite possibilities
for the preparation of functional materials. Although bacteria could serve as biofabrics,
biohybrids, templates or microcarriers, there is a continuous need to develop and
improve solutions against pathogenic microbes. In this area, special interest is focused
on nanobiotechnology.
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1.4. NANOBIOTECHNOLOGY FOR ANTIBACTERIAL SOLUTIONS
Excessive application and misuse of antibiotics cause antimicrobial resistance (AMR)
the ability of microorganisms to resist antimicrobial treatments. AMR is a huge global
problem with a direct serious impact not only on human health but also on the
environment. According to the European Centre for Disease Prevention and Control,
AMR is responsible for about 33 thousand deaths per year in the European Union61,62.
Additionally, healthcare costs and productivity losses due to AMR are estimated at 1.5
billion euros annually. Those numbers increase dramatically fast worldwide and
it is predicted that in the next 30 years AMR will cause more deaths than cancer63. For
this reason in 2017 the EU Commission adopted EU One Health Action Plan against
AMR62. One of the key objectives of this Plan is to develop new therapies and alternative
approaches against bacterial infections.

NOVEL ANTIBACTERIAL STRATEGIES
Novel solutions investigated in the context of antimicrobial strategies involve such
approaches as phage-therapy employing phages as natural bacterial enemies,
antimicrobial peptides founded in immune systems of living organisms, monoclonal
antibodies against specific bacterial strains, and RNA-based therapy utilizing natural
mechanisms of gene expression64–68.

Particular interest is focused on nanobio-

technological approaches allowing drug modifications, nanoformulation of antibiotics,
encapsulation of active biocidal in nanoliposomes, and use of metallic and oxides
nanoparticles69–73. The last one is extensively explored as a promising alternative
against AMR. Nanoparticles could be applied directly in suspensions or incorporated
into biomaterials preventing bacterial colonization and biofilm formation70,74–76. This
approach plays an important role in designing implantable materials and medical
devices. An encouraging strategy against biomaterials-associated infections is surface
engineering centered on topography and chemical modifications (surface functional
groups and deposition of nanoparticles). These aspects will be discussed in the following
subsections.

BACTERIAL COLONIZATION
Biofilm formation is a natural mechanism of bacteria ensuring their survival in any
environment, protecting against harmful conditions, developing complex interactions
between cells, and providing nutrients facilitated growth. In general, biofilm formation
consists of several consecutive steps: transport of bacteria to the surface, reversible
adhesion followed by irreversible attachment, formation of microcolonies, further
colonization and final biofilm production, as illustrated in Fig. 1.5.77–80.
The initial stage of bacterial colonization is the most important step in bacterial
infection and biofilm formation. It involves the transport of bacterial cells to the surface
by sedimentation, diffusion or innate motility via pili or flagella, accompanied
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by reversible attachment to the surface and concluded with irreversible adhesion
phase77. Among the factors that affect bacterial attachment, surface topography,
material composition, wettability, surface free energy, electrostatic charge, and
electronic factor are considered81–85. The adhering bacteria begin divisions and form
microcolonies, which is considered to be a start of the secondary stage of biofilm
formation. In this phase maturing bacteria produce exopolysaccharides, proteins, and
lipids, which create extracellular polymeric substance holding bacteria together,
assuring their attachment to the surface and protection against external factors.
A mature biofilm is a complex, physiologically heterogenic structure with clusters
of channels and metabolites, oxygen and waste gradient. Additionally, there is a multiplicity of bacteria phenotypic states and genotypes. A well-developed mature biofilm
can escape bacterial cells through cells dispersion or detachment of pieces resulting
in partial sloughing86–91.

Fig. 1.5. Bacterial biofilm formation on the surface.

SURFACES DESIGN
Taking into consideration the ability of microorganisms for materials colonization, and
factors that affect bacterial adhesion, nanobiotechnology provides specific strategies
related to surface designing. In general, surface modifications can be divided into
approaches concerning topography, chemical modifications, and providing multifunctionality. Surface topography plays an important role in bacterial adhesion and can
provide an antibacterial effect. It was found, that surface patterns (e.g. pits, groves,
pillars, spikes) smaller than a bacterial cell demonstrate the bactericidal effect and
limit bacterial colonization. Patterns larger than or comparable to bacteria cell size
could promote and control bacterial attachment92,93. Recently developed dynamic
surface topographies are of special interest due to their ability to release attached
bacteria and biofilm upon external stimulation such as electric voltage or mechanical
stretching92,94,95. Chemical modification methods (e.g. plasma treatment, polymers,
coatings with antimicrobial agents: antibiotics, peptides, metal ions, molecules) provide
anti-adhesive and antibacterial functions (contact-killing or biocidal releasing)
of material surfaces15,96. A growing interest is focused on the development of smart
materials such as photoactivated surfaces which exhibit ‘on demand’ bactericidal action
as a response to external stimulants. To provide better conditions in the fight against
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pathogens, multifunctional surfaces are designed and investigated94,97,98. This approach
combines controlled topography with additional use of antimicrobial agents. For this
purpose, nanoparticles have been successfully utilized.

NANOPARTICLES
Physicochemical properties of nanoparticles (NP) can be precisely controlled via
optimization of their size, morphology and composition. Additionally, it is possible
to adjust their surface characteristic through functionalization with genes, drugs,
antibodies and peptides71,99,100. Due to unique properties of some NPs, such as superparamagnetism, surface plasmon resonance, and biocompatibility, they widely
investigated in biomedical fields. NPs are applied not only for antiseptics and treating
bacterial infections, but also in cancer therapies, pharmacology, and advanced
diagnostics12,76,101.
Among various nanomaterials with antibacterial activity that include nanoformulated
polyphenols, flavones, and phenolics, the research interest is focused on various metals
and metal oxides due to their specific features such as controlled morphology, stability,
electrical and optical properties70,101,102. Although many different metals exhibit
antimicrobial properties, the most commonly investigated are NPs of Ag, Cu, Zn, Ga,
Au, Pt70,75,103. Furthermore, metal oxides NPs such as ZnO, CuO, Fe3O4, TiO2, MgO are
also explored as potential antimicrobial agents104–106. However, understanding
antibacterial mechanisms remains a great challenge in nanobiotechnological research.
Direct explanation of this issue is still unclear and worth addressing in the present
studies to fill this knowledge gap. There are several possible mechanisms including
mechanical damages of bacterial cells, oxidative stress, photo-killing, disturbance in ion
homeostasis, protein dysfunctions, and genotoxicity70,76,107. However, NPs need to be
in direct contact with bacterial cell walls to achieve their antibacterial properties.
Therefore, the initial stages of NPs bactericidal action needed to be investigated
to identify the principal parameters governing the NPs interaction with the bacterial
cell walls69,70,108.
The progress in research concerning antibacterial solutions is without doubt very
dynamic. Nevertheless, the survey of literature reveals a shortage of detailed
explanation of bacteria-nanoparticles and bacteria-surfaces interactions taking place
at biointerfaces. A thorough investigation of biointerfaces is necessary for understanding the complex nature of such interactions.

INTERACTIONS AT BIOINTRFACE
As described in the above subsections, nanobio- and bionanotechnology are rapidly
growing scientific disciplines. Due to their fast development and focus on applications,
there are significant knowledge gaps in the fundamentals concerning the complex
character of interactions between organic and inorganic matters. Such biointerfaces are
formed between biological systems (bacteria, eukaryotic cells, viruses, DNA,
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membranes, peptides, membrane vesicles) and interacting materials like nanoparticles,
and solid surfaces. The nature of physicochemical interactions, their thermodynamics
and kinetics should be taken into account when describing biointerfaces15,109. Regarding
the complex nature of interactions between bacteria and inorganic component, several
factors should be considered:
◘

bacterial cell surface,

◘

environment,

◘

inorganic matter characteristics.

As indicated in the previous subsection, the chemical nature of the outermost part
of a bacterial cell surface is very complex. Surface appendages (WTA, LTA, LPS, pili,
fimbriae) comprise several chemical functional groups responsible for the surface
charge. It must be underlined that the surface characteristic (e.g. surface charge)
of bacteria is changing due to modification of metabolic processes during their life cycle.
Environmental conditions provided by the liquid in which bacteria are suspended
(growth medium, water, buffer) greatly affect the interactions at biointerfaces. Ionic
strength, chemical composition, temperature, pH, presence of large molecules should
be considered as factors that influence bacterial cell envelope and their characteristics
110–113.

On the other hand, the properties of inorganic matter have also an impact on the

character of interactions. Among some of the features chemical composition, surface
functionalities, size, shape, porosity, roughness, wettability, surface free energy,
conductivity, and electronic properties can be mentioned here89,114–116. Nevertheless, the
interaction between bacteria and nanoparticles/solid surfaces is mostly mediated by the
interfacial liquid

117.

Therefore, biointerfaces can be analyzed in terms of colloidal

chemistry models. This approach involves hydrodynamic, attractive electrodynamic
(Van der Waals forces), repulsive electrostatic (Coulombic forces), and solvent
interactions. Hoverer, there are only a few models of interactions between living cells
and nanoparticles/solid surfaces. The most often applied are DLVO (Derjaguin-LandauVervey-Overbeek) and extended DLVO (X-DLVO) theories successfully used for
colloidal systems, where the molecular interactions play an important role77,118,119.
Nevertheless, there is a lack of straightforward descriptors of the interactions between
bacteria and nanoparticles/solid surfaces that could be directly applied for the
parametrization of such systems. Such knowledge gaps in biointerface science provided
the main motivations for the research undertaken within this thesis. As will be shown
in the next Chapters, this kind of basic knowledge can contribute to the rational design
of functional materials including those dedicated to application in biomedicine and
catalysis.
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2. AIM OF THE THESIS
As described in the Introduction part of the thesis, the interactions at biointerfaces
remain as knowledge gaps in the newly emerging fields of science: nanobio- and
bionanotechnology. These disciplines are extensively investigated and are formed
by overlapping nano- and biotechnologies. Bacteria are of special interest in these
research areas due to their unique properties and potential harm at the same time.
Nanobiotechnological approaches are targeted against pathogenic bacteria which
caused infections. In turn, bionanotechnological approaches utilize non-pathogenic
bacteria for functional materials manufacturing. Although the scientific literature
provides several examples of possible applications of bacteria interacting with
nanomaterials, there is still a lack of fundamental descriptors of their biointerface.
The general aim of this thesis research was to identify key physicochemical
descriptors of interactions at biointerfaces between nanoparticles, bacteria and solid
surfaces. In particular, the studies focused on the role of electronic factors determined
as zeta potential for nanoparticles and bacteria, and as a work function for conductive
surfaces. Based on this, general models for nanoparticles-bacteria and bacteriasurfaces interactions were developed. It has allowed gaining fundamental knowledge
and filling the knowledge gap in nanobiotechnology research. The elucidation of the
investigated interactions at biointerfaces allowed the establishment of the scientific
basis for the design and development of functional materials for catalytic and
biomedical applications.
To achieve the scientific goals, an interdisciplinary approach was employed. The
conducted investigations can be divided into three interlaced research steps:

STEP I: NANOPARTICLES - BACTERIA INTERACTIONS
Synthesis and thorough characterization (NTA, TEM, surface charge) of metallic and
oxides nanoparticles (Au, Ag, Pt, TiO2, Fe3O4). Measurements of surface charge
of bacterial strains (S. carnosus, S. maltophilia, B. subtilis, N. subflava, P. putida).
Investigation of nanoparticles-bacteria interactions through electron microscopy
observations (SEM, S/TEM). Identification of key descriptors responsible for the
attachment of the nanoparticles to the bacterial cell wall.

STEP II: BACTERIA - SOLID SURFACES INTERACTIONS
Modification of a graphenic material with the use of oxygen plasma treatment and
characterization of the effects of such modification (WF, XPS, SEM, RS, TG/DTA, CA).
Investigation of bacteria-solid surfaces (graphenic sheet, cordierite, Al2O3, ZrO2)
interactions using microscopic techniques (FM, SEM). Determination of key
surface-related factors mediating the bacterial adhesion.
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STEP III: NOVEL APPLICATIONS
Application of bacteria for functional materials synthesis:
◘

development of catalysts with the use of non-pathogenic bacteria and
nanoparticles,

◘

preparation of antibacterial surfaces via deposition of nanoparticles.
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3. EXPERIMENTAL
Due to the diverse nature of the investigated objects, i.e. nanoparticles, microorganisms,
and solid surfaces, a comprehensive interdisciplinary investigation approach was
applied combining fields of surface chemistry, physical chemistry, biomaterials science,
nanotechnology and microbiology. The following Chapter describes the applied
experimental methodology. The first part consists of a brief overview of investigated
objects (nanoparticles, bacteria, surfaces). Then, the applied methods dedicated to the
characterization of their morphology, chemical composition, surface properties, and
to description of the nanoparticles-bacteria, and bacteria-solid surfaces interactions are
reported. Finally, the methodologies of functional materials preparation that could
be used in catalysis and biomedicine, are proposed. The details of scientific procedures
used in these studies are provided in the appended Articles and accompanying
Supporting information.

3.1. INVESTIGATED OBJECTS
As described in the Introduction of this thesis, the interactions at biointerfaces between
organic and inorganic components remain obscure and not fully understood. Therefore,
the scientific aims addressed in the thesis included identification of key
physicochemical descriptors of bacteria-nanoparticles and bacteria-solid surfaces
interactions. To achieve these goals, thorough investigations of biointerfaces formed
between nanoparticles, bacteria, and solid surfaces were carried out.

3.1.1. NANOPARTICLES (NP)
Metallic and metal oxides nanoparticles were utilized in the studies for the
investigation of nanoparticle-bacteria interactions at the biointerfaces. Subsequently,
these nanoparticles were used for design and preparation of functional materials.
Noble metal nanoparticles (Au, Ag, Pt) were synthesized applying a citrate-based
reduction method. The details of syntheses are described in the appended papers
(ARTICLES I, III, IV).
Metal oxides nanoparticles (Fe3O4, TiO2) were supplied by Sigma-Aldrich and
PlasmaChem respectively and used in investigations leading to the preparation
of functional materials applicable in catalysis (ARTICLE III).
The list of nanoparticles applied in this thesis is presented in Table 3.1.
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Table 3.1. List of nanoparticles used in the studies and their basic characteristics.

composition

size /nm

ζ-potential /mV

Au

5 – 50

-7 – -20

source

morphology

citrate-based
synthesis

Ag

5 – 30

-25 – -32

Pt

2–6

-24 – -30

Fe3O4

~30

-20 – -30

purchased from
Sigma-Aldrich

TiO2

~10

-20 – -30

purchased from
PlasmaChem

OXIDES

METALS

NANOPARTICLES

3.1.2. BACTERIA
Pathogenic and non-pathogenic bacterial strains (both Gram-positive and Gramnegative) were employed in the performed experiments.
Pathogenic bacteria used for the investigation of biomaterials surfaces (ARTICLES II,
IV) were Gram-positive: Staphylococcus aureus DSM 24167, Staphylococcus
epidermidis ATCC® 700296, and Gram-negative: Pseudomonas aeruginosa ATCC®
27853 and Escherichia coli ATCC® 25922.
Non-pathogenic bacteria utilized for the investigation of bacteria-nanoparticles
interfaces (ARTICLE I) and catalyst preparation (ARTICLE III) were Gram-positive:
Bacillus subtilis ATCC® 6633™, Staphylococcus carnosus DSMZ 20501™, and Gramnegative: Neisseria subflava ATCC® 14221™, Stenotrophomonas maltophilia ATCC®
13636™, Pseudomonas putida ATCC® 31483.
The list of applied bacterial strains in this thesis is presented in Table 3.2.
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Table 3.2. List of bacterial strains used in the studies and their basic characteristics.

BACTERIA

GRAM NEGATIVE

GRAM POSITIVE

strain
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size /µm

ζ-potential /mV

shape

Staphylococcus aureus
DSM 24167

0.5 – 1.0

-12

spheric

Staphylococcus
epidermidis ATCC®
700296

0.5 – 1.0

-13

spheric

Staphylococcus carnosus
DSMZ 20501™

0.5 – 1.5

-37

spheric

Bacillus subtilis
ATCC® 6633™

0.5 x 1.5-3.0

-41

rod

Escherichia coli
ATCC® 25922

0.5 x 1.0-1.5

-23

rod

Pseudomonas
aeruginosa ATCC®
27853

0.5 x 1.0-2.0

-11

rod

Pseudomonas putida
ATCC® 31483

0.5 x 1.5-2.5

-34

rod

Stenotrophomonas
maltophilia
ATCC® 13636™

0.5 x 0.5-1.5

-26

rod

Neisseria subflava
ATCC® 14221™

0.5 – 0.8

-30

spheric

cell morphology

3.1.3. SOLID SURFACES
The interactions between bacterial cells and model surfaces were investigated with the
use of model carbon biomaterials surfaces and actual catalytic supports.
To explore experimental descriptors for bacteria-solid surfaces interactions at the
interface, graphenic material (GM) (Graphene Laboratories, Calverton NY, USA) was
used. This carbon material was additionally modified by oxygen plasma (ARTICLE II)
and sonochemical deposition of nanoparticles (ARTICLE IV).
For the preparation of catalysts using bacteria, commercially available catalytic
supports were utilized: cordierite monoliths with square channels (400 cpsi) (Corning,
NY, USA), and ceramic open-cell foams made of alumina (Al2O3) and zirconia (ZrO2),
(45 ppi), purchased from Lanik s.r.o. (Czech Republic) (ARTICLE III). The list of solid
surfaces used within the thesis is collected in Table 3.3.
Table 3.3. List of solid surfaces used in the studies and their basic characteristics.

SOLID SURFACES

CARBON CONDUCTORS

BIOMATERIALS SURFACES
modification

WF /eV

characteristic

unmodified
graphenic material

4.3

flat

4.4 – 5.7

flat

4.0 – 4.3

flat surface decorated
with NPs

oxygen plasma

sonochemical
deposition of NPs

surface morphology

OXIDES ISOLATORS

CATALYTIC SUPPORTS
composition

ζ-potential /mV

form

cordierite

5 – -25

monolith

zirconia

15 – -20

foam

alumina

10 – -15

foam

morphology
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OXYGEN PLASMA
For controlled modification of the graphenic surfaces, the oxygen plasma method was
employed. The plasma method is a fast, low-temperature, eco-friendly approach for
surface cleaning and functionalization. The application of such technique allowed for
controlled incorporation of oxygen functional groups on graphenic surfaces resulted in
change of their electrodonor properties and wettability (ARTICLE II). In addition, this
method was applied for bacterial removal from the catalytic supports leading to obtain
the final catalyst (ARTICLE III). The commercial low-pressure cold plasma system
supplied by Diener electronic GmbH + Co. KG, Germany was used in the studies.

3.2. METHODS
Due to complex character of the interactions at biointerfaces, an interdisciplinary
approach for their investigation was utilized. Therefore, several methodologies from
physiochemistry, physics, materials science, and microbiology were applied. They can
be grouped as microscopic, spectroscopic, and surface-sensitive techniques.

3.2.1. MICROSCOPIC TECHNIQUES
Application of various microscopic methods allowed thorough characterization of the
studied objects and investigation of the interactions between them (nanoparticles,
bacteria, surfaces). Optical microscopy was used to control the purity of the bacterial
cultures (Gram-staining). Fluorescence microscopy allowed testing bacterial adhesion,
surface coverage by bacteria, and antibacterial activity of the investigated surfaces.
Bacterial cells and solid surfaces morphology, nanoparticles (NP) attachment
to bacterial cell walls, NPs dispersion on graphenic material, localization of bacteria on
surfaces, bacterial colonization of catalytic supports was investigated by the application
of scanning electron microscopy. Through the use of transmission electron microscopy,
the morphology and size distribution of NPs, localization of NPs inside/outside of the
bacterial cell, the effect of NPs on bacteria (adsorption/reactive adsorption), and
bacterial cell wall morphology were examined. The application of microscopic
techniques required special time-consuming procedures for sample preparation.

OPTICAL MICROSCOPY (OM)
Optical microscopy was applied to control the purity of growing bacterial cultures.
Hence, the Gram staining was necessary for sample preparation. Smears from bacterial
cultures were heat-fixed on slide glasses and stained in the following steps:
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◘

application of crystal violet (purple dying of bacteria),

◘

application of iodine (fixation of crystal violet by mordant),

◘

alcohol wash (decolorization of Gram-negative bacteria),

◘

application of safranin (counterstaining of Gram-negative bacteria).

This procedure was applied before each experiment described in the thesis to control
bacterial cultures purity (Articles I-IV). The observations were carried out with the
use of Olympus CX21 microscope (objective 100x).

NANOPARTICLE TRACKING ANALYSIS (NTA)
In particular, the OM was applied with a laser light source which illuminates
nanoparticles in suspension. The NTA system visualize trajectory of nanoparticles
(Brownian motions) using their scattered light. This method was used for the
evaluation of hydrodynamic diameter of nanoparticles after each synthesis. Due to the
simplicity of the method, it was applied to determine the homogeneity of the prepared
suspensions and select monodispersed NPs solutions for further experiments. The
technique was also used for preselection nanoscopic samples for more advanced
SEM/TEM analysis. Details are described in ARTICLE I. The LM10 Nanosight
instrument (Malvern Instruments Ltd) equipped with a sCMOS camera (Hamamatsu
Photonics, Japan) and a 450 nm blue laser was used.

FLUORESCENCE MICROSCOPY (FM)
The application of FM is a great benefit in microbiological and biomaterials studies.
This technique was applied to investigate the bacterial adhesion to unmodified and
plasma-modified graphenic surfaces. For this purpose, iodine propidine was used for
staining previously alcohol-fixed bacteria adhering to the surface. The procedure was
described in detail in ARTICLE II. Furthermore, the FM method was applied to examine
the microbiological response of nanoparticle-modified graphenic surfaces with the use
of Live/Dead staining (ARTICLE IV). This approach allowed assessing the antibacterial
properties of fabricated surfaces. The BX63 fluorescence microscope (Olympus) was
utilized.

SCANNING ELECTRON MICROSCOPY (SEM)
SEM is dedicated to visualization of the topography and morphology of both inorganic
and organic materials in micro- and nanoscale. It was applied to study the surfaces of
raw materials (graphenic sheets, catalytic supports) as well as bare bacteria cells. SEM
was also applied to investigate the attachment of nanoparticles to bacterial cell walls
(ARTICLES I, III), to visualize colonization of surfaces by microorganisms (ARTICLES
II, III, IV), and to examine NPs distribution on graphenic material (ARTICLE IV). Since
soft biological materials are very sensitive to pressure and electron beam that are
necessary for SEM observations, the specimen had to be fixed before observations.
Thus, a procedure for bacteria-inorganic samples preparation was developed to allow
observations of such systems. The observations were performed with the use of the
scanning electron microscopes: FE-SEM, Hitachi S-4700, and Quanta 3D FEG.
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In Fig. 3.1., the preparation method of samples containing bacterial cells
is schematically illustrated. The procedure consists of several sequential steps:
◘

culturing bacteria on a solid substrate (ITO, glass, catalytic support, graphenic
material),

◘

fixation of samples in glutaraldehyde solution,

◘

dehydration in water-alcohol solutions with gradually increasing ethanol
concentration,

◘

pre-drying samples in air and drying in hexamethyldisilazane,

◘

sputter-coating with ~15 nm layer of gold.

The protocol of sample preparation was carefully adjusted for each investigated systems
like bare bacteria, bacteria covered with nanoparticles, bacteria attached to the
investigated surfaces.

Fig. 3.1. Schematic presentation of biological samples preparation for SEM observations together with the
representative of SEM image (S. carnosus with AuNPs on cordierite support).

TRANSMISSION ELECTRON MICROSCOPY (TEM)
The TEM method allows thorough characterization of materials structure and morphology on a nanoscopic scale. This technique was applied to investigate nanoparticle
morphology and their size distribution (ARTICLES I, III, IV). In addition, it was also
applied to visualize the biointerface between nanoparticles and bacterial cell
(ARTICLES I, III), as well as to describe the damaging effects of Ag nanoparticles on
microorganisms (ARTICLE IV). The observations were carried out using a FEI S/TEM
Titan instrument operating at an accelerating voltage of 300 kV, FEI Tecnai Osiris
instrument equipped with a high brightness X-FEG Schottky field electron source
operated at 200 kV, and JEOL JEM2100 HT operating at 80 kV.

Fig. 3.2. Schematic idea of preparation of bacteria with adsorbed NPs for TEM observations together with
the example of cross section image (S. carnosus with AuNPs). Explanation in the text.
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To achieve high-resolution images in transmission electron microscopy (TEM), samples
should be ultrathin for easy electron beam absorption-transmission and resistant to
harsh vacuum conditions. Therefore, the preparation of biological samples required
special, advanced and time-consuming procedures. To observe bacteria upon contact
with nanoparticles, the protocol of biological samples preparation was carefully
optimized. Details can be found in ARTICLES I, III.
As illustrated schematically in Fig. 3.2. samples preparation consists of several
sequential steps as follows:
◘

fixation in glutaraldehyde solution,

◘

contrasting with osmium tetroxide solution,

◘

dehydration in water-alcohol solutions with gradually increasing ethanol
concentration,

◘

embedding in resin-propylene oxide mixture,

◘

embedding in epoxy resin,

◘

curing samples for resin polymerization,

◘

slicing samples with an ultramicrotome.

This protocol was successfully applied for TEM observations of biointerface between
bacteria and nanoparticles.

3.2.2. SPECTROSCOPIC TECHNIQUES
Various spectroscopic methods were applied during research for the characterization
of studied material in different aspects. The main applications of the spectroscopic
method are listed in the Table 3.4.
Table 3.4. List of applied spectroscopic methods.

SPECTROSCOPIC METHODS
method

AAS

equipment

aim
determination of NPs deposition on graphenic

Perkin Elmer 3110 spectrometer

materials and examination of the silver content in
bacteria after the contact with AgNPs

RS

Renishaw InVia spectrometer coupled to

monitor of structural changes of graphenic

the confocal microscope

material after plasma modification

UHV (~10-9 mbar) system with the

XPS

monochromatic Al Kα source and SES
R4000 analyzer (Gammadata Scienta)

investigation of surface chemical composition
and nature of surface oxygen functional groups

Super-X EDX windowless detector

EDS

system with a 4-sector silicon drift

examination of the local chemical composition of

detector (SDD) combined with FEI

nanoparticles attached to the bacterial cell walls

Tecnai Osiris instrument
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ATOMIC ABSORPTION SPECTROMETRY (AAS)
The AAS method enables determination of the content of individual elements in liquids,
gases and solid probes. This technique was applied to monitor the changes in gold and
silver concentration upon contacting AgNPS and AuNPs with bacteria. This method
was also utilized to quantify the effectiveness of nanoparticle deposition on graphenic
surfaces. Details of this analytical procedure are described in the appended
ARTICLE IV.

RAMAN SPECTROSCOPY (RS)
This method was used for the characterization of carbon materials used to investigate
the bacteria-surfaces interactions. The RS allowed monitoring structural changes of the
graphenic surface upon modification with oxygen plasma. The details of experimental
procedures are included in ARTICLE II.

X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
The

XPS

method

provides

essential

information

needed

for

the

in-depth

characterization of surfaces. It was applied to investigate the chemical oxygen content
and nature of oxygen functional groups introduced to the graphenic material upon
plasma modification. The analysis focused on C1s and O1s peaks and their
deconvolution into components. The description of this method application is provided
by ARTICLE II.

ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDS)
The EDS/EDX method was applied to confirm the metal content in nanoparticles
attached to bacterial cell surfaces. By using this method, coupled with the SEM/TEM,
additional information was obtained about nanoparticles location on the bacterial cell
surface was obtained (ARTICLE III). As a result, the EDS elemental mapping proved
the NPs distribution at the nano-bio interfaces.

3.2.3. SURFACE-SENSITIVE TECHNIQUES
The investigation of interfaces requires thorough characterization of not only the
overall composition and structure of the contacting objects but mainly their surfaces.
Electronic properties of the investigated surfaces were explored. In particular, the zeta
potential of bacterial cells, nanoparticles, catalytic support were determined. The
measurements of work function values were carried out to determine the electrodonor
properties of graphenic samples. The surface wettability of plasma-modified graphenic
surfaces was checked, and the surface free energy was calculated.
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ZETA POTENTIAL DETERMINATION
The (ζ) zeta-potential value is useful to describe an electrokinetic potential of materials,
as well as bacterial cells, suspended in a solution. The surface charge determined
as a ζ-potential plays a crucial role in the interactions between organic and inorganic
components. Therefore, ζ-potential values of nanoparticles, bacterial cells, and ceramics
were measured in this work. This method was utilized in all of the appended Articles,
and the details can be found therein (ARTICLES I-IV). The ζ-potential was determined
via electrophoretic light scattering in Zetasizer Nano ZS (Malvern Instruments,
Malvern).

WORK FUNCTION EVALUATION
The application of the Kelvin probe (vibrating capacitor technique) for work function
determination

is

one

of

the

well-known

tools

for

electrodonor

properties

characterization of conductive solid materials. The use of this technique allows the
measurement of the contact potential difference (VCPD) between the reference stainlesssteel electrode (Φref = 4.3 eV) and the sample. The work function values (Φsample) were
calculated based on the relationship:
Φsample = Φref – e VCPD
where: e is an elementary charge.
In the studies the Kelvin probe (McAllister KP 6500) equipped with the electrically
connected stainless steel plate as a reference electrode (diameter 3 mm, Φref = 4.3 eV)
was employed. The details of the measurement conditions and samples preparation are
described in ARTICLES: II, IV.

CONTACT ANGLE MEASUREMENTS AND SURFACE FREE ENERGY CALCULATIONS
In biomaterials studies, the water contact angle is a key parameter for the direct
evaluation of surface wettability. The measurements of contact angles were carried out
to monitor the changes of graphenic material wettability upon oxygen plasma
modification (ARTICLE II). Using water and diiodomethane for the measurements
allowed surface free energy (SFE) calculations based on the Owens-Wendt model.
Details are included in ARTICLE II. The contact angles were measured using
a goniometer (Surftens Universal Instrument, OEG GmbH, Frankfurt, Germany)
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3.3. ORIGINAL STRATEGIES FOR APPLICATIONS
As described in the Introduction part of the thesis, nanobio- and bionano- technologies
provide novel approaches for the synthesis of functional materials. The conducted
studies include an innovative bionanotechnological method for catalyst preparation and
a nanobiotechnological approach against biomaterials infections.

3.3.1 CATALYTIC MATERIALS
In this thesis, a new approach for the utilization of microorganisms for the preparation
of structural catalysts was proposed. The concept involves the ability of bacteria
to colonize surfaces. Thus, when contacted with nanoparticles the bacteria can be used
as biocargo carriers for homogenous dispersion on catalytic supports.

CATALYST PREPARATION WITH THE USE OF BACTERIA
This innovative method of catalysts preparation was explored in this thesis. The first
step was associated with the interaction between nanoparticles and bacterial cells
(ARTICLE I). The second one was related to the colonization of catalytic supports (ZrO2,
Al2O3, cordierite) by non-pathogenic bacterial cells. The final step included removing
bacterial biomass by utilization of low-temperature oxygen plasma, which prevented
unwanted NPs agglomeration. The procedure is described in detail in the appended
ARTICLE III.

CATALYTIC TEST
For validation of the activity of the prepared catalysts, temperature-programmed model
catalytic reactions of CO oxidation were performed in the range of temperatures from
30°C to 500°C (heating rate of 10°C∙min-1). Catalytic tests were conducted using
a quartz flow CSTR-type reactor loaded with 100 mg of the catalyst (sieve fraction of
0.2 – 0.3 mm). The gas flow rates were: 30 mL∙min-1 (5% O2 in He), and 3 mL∙min-1
(5% CO in He). The catalytic setup was operated in the LabView environment, and the
reaction progress was monitored by a mass spectrometer (Hiden Analytical HPR20).

3.3.2 ANTIBACTERIAL SURFACES
To prepare antibacterial surfaces with the use of nanoparticles, several methods
of deposition on the graphenic material were explored. The application of the following
techniques was coupled with SEM observations which allowed rapid validation of the
NPs deposition effectiveness. Selected promising methods were thoroughly optimized
for obtaining homogenous dispersion of nanoparticles on the surface (ARTICLE IV).
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AIR-BRUSHING
This rapid and straightforward method is used for the direct deposition of chemicals,
as well as nanomaterials, on solid fabrics and textiles. It was applied as a first approach
for the modification of the graphenic surface with nanoparticles. In this experiment,
2 mL of silver nanoparticles were used for coverage of a piece of graphenic sheet
(4 x 5 cm). After direct deposition, the material was simply dried and prepared for SEM
observations to access the effectiveness of the procedure.

SPIN-COATING
The spin-coating method is applied for thin film deposition of solutions on flat surfaces.
This technique was adjusted for nanoparticles deposition on graphenic surfaces. For
this purpose, nanoparticles were centrifuged and suspended in an isopropyl alcohol
solution for easy evaporation of the solvent. Various parameters (rotary speed, time,
suspension volume) were adjusted to obtain a homogenous dispersion of NPs on the
graphenic surface. In the experiment, round-shaped pieces of graphenic sheet (diameter
12 mm) were used. After the modification, the samples were dried and prepared for
SEM observations.

SONOCHEMICAL DEPOSITION
The sonochemical technique is an efficient strategy for the deposition of nanoparticles
on heterogenous, rough surfaces. This method was applied to provide a homogenous
dispersion of NPs on a graphenic sheet despite the presence of wrinkles and edges
on the graphenic sheet surface. The nanoparticles were deposited on the investigated
materials using a homogenizer (QSonica Q500, 500 W) equipped with a 6 mm diameter
tip, at a frequency of 20 kHz. The details of this technique standardization are described
in ARTICLE IV.
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4. RESULTS AND DISCUSSION
As stated in the Introduction part of the thesis, the interactions at biointerfaces are
complex and simultaneously poorly explored areas in the fields of nanobio- and
bionanotechnology. Therefore, there is a need to investigate biointerfaces consisting of
living cells and inorganic matter. This thesis addressed this need and is devoted to
biointerfaces between nanoparticles and bacteria, as well as bacteria and solid surfaces.
The following Chapter includes discussion of the obtained results and is divided into
four sections. The first part is devoted to the investigation of descriptors for the
nanoparticle-bacteria interactions (ARTICLE I). The second section gives an overview of
the interface between bacterial cells and solid surfaces (ARTICLE II). In the third section,
the DLVO theory is applied to describe interactions at the investigated biointerfaces. The
last section provides information about possible applications of the established
correlations in designing functional materials in catalysis (ARTICLE III), and
biomedical fields (ARTICLE IV). Complete analysis of the obtained results and the
corresponding discussions can be found in the appended Articles (Annex).

4.1. NANOPARTICLES-BACTERIA DESCRIPTORS
Many researchers are currently interested in nanoparticles, especially, their
bactericidal and antifungal properties. This interest is motivated by the need to develop
new antimicrobials for the prevention and treatment of pathogenic infections.
In addition, there is still a knowledge gap in the fields of interactions between
nanoparticles and bacterial cells. This drives the efforts to investigate biointerfaces and
to develop deeper understanding in this area of nanobiotechnology. To assess the nature
of investigated interactions and provide an overall model, special attention was focused
on the zeta potential of interacting nanoparticles and bacterial cells.
To gain fundamental knowledge about bacterial zeta potential, the changes of surface
charge occurring during the time of bacterial growth were investigated. The S. carnosus
bacterial strain was inoculated into a fresh liquid culture medium (TSB) and incubated
at 37ºC with gentle shaking for 24 h. The optical density of the growing culture was
monitored over time (one-hour period). The changes in bacterial zeta potential were
also examined. The details of bacterial zeta potential measurements are included
in ARTICLES: I, II. The experiments were conducted in triplicate to obtain the average
zeta potential for the investigated bacterial strain.
The bacterial growth as a function of time is illustrated in Fig. 4.1. for S. carnosus (grey
line). The experimental points represent a typical profile for bacterial colonies growth
and show four general phases: initial stage (I), exponential growth (II), stationary phase
(III) and bacterial death (IV). Similar growth curves for other bacterial strains, such
as S. maltophilia, B. subtilis, and N. subflava, growing on cordierite supports are
presented in ARTICLE III.
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As can be seen in Fig. 4.1., the bacterial
zeta

potential

decreases

during

the

bacterial growth and stabilizes in the
stationary phase in agreement with the
previously reported similar observations
for

non-pathogenic

smegmatis

mc2155

Mycobacterium

(ATCC® 700084)113.

The observed correlation is similar for
measurements carried out in different
media: in water and DPBS buffer. This
similarity is associated with a metabolic
stage of bacteria in the stationary phase,
Fig. 4.1. The bacterial growth as a function of time
(grey line) and the corresponding changes in bacterial
zeta potential measured in water and DPBS for
S. carnosus.

where

the

total

bacterial

population

is relatively stagnant, the growth slows
down, and the cells produce secondary
metabolites (i. a. enzymes, antibiotics,

pigments, and quorum sensing molecules) which are not essential for the normal
growth but provides auxiliary functionalities120,121. In the water environment, the
observed change of zeta potential during the bacterial growth is almost 10 mV, whereas
for DPBS it is less than 4 mV. The observed range of changes for DPBS is smaller due
to stabilizing effect on pH. Additionally, there is a dramatic difference between zeta
potential values of bacteria measured in water (-36 mV) and the buffered environment
(-13 mV) for stable 24 h cultures. Such difference results from several factors, and the
most important ones include ionic strength and ion concentrations which effectively
change the zeta potential value122. For this reason, the measurements were done
in model conditions: DPBS and distilled water, providing standardized environments.
In ARTICLE I distilled water was used as the basic diluent in the investigation
of nanoparticle-bacteria interactions. ARTICLE II describes the use of DPBS to provide
a more complex environment (reflecting interior body fluids) for bacteria interacting
with biomaterials surface. The observed changes of bacterial surface charge during
bacterial

growth

are

crucial

for

bionanotechnological

studies

employing

microorganisms. The bacterial surface charge is characteristic for given bacterial
strains23,123, but its value changes during the bacterial growth and depends on
environmental conditions, as presented above.
For the investigation of the interactions between nanoparticles and bacterial cells,
model spherical gold nanoparticles with the approximate size of ~30 nm and zeta
potential of -7 mV (± 0.6 mV) were used. The experiments were performed using four
model non-pathogenic bacterial strains, both Gram-positive (B. subtilis, S. carnosus)
and Gram-negative (S. maltophilia, N. subflava) differing in cell morphology and
surface charge (see Table 3.2., Section 3.2.). The details of these investigations are
described in ARTICLE I. The performed experiments allowed thorough description
of AuNPs adsorption to the bacterial cell wall and provided reasonable explanation
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in terms of the DLVO theory (see Section 4.3.). Depending on the bacterial zeta
potential, the location of energy maxima (R) in the total interaction energy profile
determines the critical radius (rcrit) of the spherical space surrounding the cell, where
the attraction forces dominate.
As presented schematically in Fig. 4.2., the bacterial electrokinetic potential
determines the critical volume surrounding the cell. Such critical space is almost twice
as big for Gram-positive bacterial strains (~2 µm3) than for the Gram-negative ones
(<1 µm3). It explains the observed dramatic differences in the number of adsorbed
AuNPs on the bacterial cell walls (details in ARTICLE I). The established correlation
allows regarding the critical radius determined by the bacterial surface charge as a key
descriptor of the nanoparticle-bacteria interactions.

Fig. 4.2. The graphical representation of bacteria interacting with nanoparticles in the critical volume
surrounding the cell, illustrating the idea that the number of NPs available for adhesion is governed by the
bacterial zeta potential.

To observe the interactions between nanoparticles and bacterial cells, the application
of electron microscopy was necessary. All of the applied microscopic methods required
optimization of sample preparation techniques devoted to biological moieties (see
Subsection 3.2.1.). SEM observations allowed the assessment of NPs dispersion and
quantifying the attachment efficiency of
nanoparticles

to

the

bacterial

cell

designated as the number of NPs per
1 µm2 of the cell surface. Furthermore,
they provided fundamental information
about

cell

morphology

allowing

size

measurement of the investigated bacteria.
Fig.

4.3.

shows

representative

SEM

images of bare S. carnosus and coated with
AuNPs.
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Fig. 4.3. SEM images of bare S. carnosus (a) and with
attached gold nanoparticles (b).

Fig. 4.4. TEM images S. carnosus with attached gold nanoparticles: (a) bacteria-AuNPs cross-section,
(b) magnification of gold NPs attached to the bacterial cell wall, (c) capsular appendages contacting with AuNPs
proving their strong interaction.

Complementary observations with the use of TEM provided information about the
localization of nanoparticles at the cell wall without penetration inside the cell
(ARTICLE I, III). It should be noted, that the bacterial cell wall is a complex structure
differing between Gram-positive and Gram-negative bacterial strains in morphology,
composition, and thickness. Fig. 4.4. presents nanoparticles attached to the bacterial
cell wall (a). The application of higher resolutions in TEM allowed for measurement of
the cell wall thickness (Fig. 4.4.b) and provided deeper insight into the NPs adsorption
process. As shown in Fig. 4.4.c, the cell wall appendages creating a cell capsule (see also
Fig. 4.2.) form a cone-like structure that is directly connected with the nanoparticle.
Comparable observations were performed for all investigated bacterial strains and
allowed measurements of those structures, which exhibited length ranges from 20 nm
to 70 nm. In the literature, there is a lack of information about the observed structures,
however, similar effects of high affinity towards gold nanoparticles were observed for
bacterial nanotubes, which are formed between bacterial cells to provide intercellular
connections124,125. Nevertheless, the detected cone-like structures occurred in isolated
bacterial cells, therefore it is more likely that they are formed by external appendages
of bacterial cell walls (i.a. teichoic acids, surface proteins, exopolysaccharides) which
constitute

the

cell

capsule126,127.

To

support the proposed hypothesis, 2 nm
PtNPs were studied. As it is illustrated in
Fig. 4.5.a. the nanoparticles are attached
to the outermost part of the cell wall at
different heights, without penetration of
the peptidoglycan layers. For comparison,
a

bare

bacterial

cell

of

S. carnosus

is presented in Fig. 4.5.b. with marked
capsular region of the cell wall, which has
a thickness of about 50 nm.

Fig. 4.5. TEM images of bare S. carnosus (b) and with
attached platinum nanoparticles (a). Differences in
contrast

are

related

to

contrast

enhancement

procedure with (b) or without (a) osmium.

To gain a broader perspective on nanoparticles-bacteria interactions at the interface,
several nanomaterials were studied. All of the used nanoparticles were citrate-caped
to avoid the effect of caping-agent on the NPs adsorption. Metals (Au, Pt) and oxide
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nanoparticles (Fe3O4, TiO2) of various sizes (see Table 3.1., Section 3.1.) were contacted
with bacterial cells for 15 minutes and investigated by TEM. Independently of the size
and chemical composition of the nanoparticles (metals, oxides), they were attached
to the bacterial cell wall without penetration inside the cell (ARTICLE III addresses this
topic).
Although most of the investigated nanoparticles were adsorbed at the bacterial cell
wall, the situation was different with AgNPs. In particular, AgNPs adsorbed on the cell
wall in a reactive way, which resulted in their disappearance. Ag+ ions are released
from AgNPs128–130 via surface oxidation, in aqueous solutions and cause cells
disintegration through ROS formation. The exact mechanism underlying the
antimicrobial activity of AgNPs is still not fully understood. However, the following
experiments proved that reactive adsorption plays a key role in the bactericidal activity
of AgNPs. Aqueous bacterial suspensions (1 McF) of investigated strains (Grampositive S. carnosus, and Gram-negative P. putida, (see Table 3.2., Section 3.2.) were
contacted with 1 ml of AgNPs solutions with gradually increasing concentrations
(0.5; 1.0; 2.0, 4.0 mg/L). After 1 h of incubation, the bacteria were centrifuged and
analyzed using the AAS method to measure the total silver concentration in bacteria.
As presented in Fig. 4.6. (grey bars) all bacteria accumulated silver for all Ag
concentrations in solution. Interestingly, the Gram-negative P. putida absorbed almost
two times more silver than Gram-positive S. carnosus. It seems that the obtained
results relate to the morphology of the bacteria cell wall, and its reactivity. The cell
envelope of Gram-negative bacteria is much thinner (up to 20 nm) than of the Grampositive (up to 80 nm) and includes an additional outer membrane. As shown in the
TEM images in Fig. 4.6., the bacterial cells are damaged after contact with AgNPs. As
a result of stress factors (AgNPs; Ag+, ROS) the Gram-negative bacteria produce outer
membrane vesicles, which can be seen for P. putida. In the case of S. carnosus,
delamination of the cell wall was observed indicating the destructive activity of AgNPs.

Fig. 4.6. Silver accumulation in bacterial cells (a), and TEM images of P. putida (b), and S. carnosus (c) after the
1 h contact with Ag nanoparticles.
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Based on the obtained results, it can be concluded that the surface charge of bacterial
cells is a key descriptor of bacteria-nanoparticles interactions at the biointerface. The
ζ-potential of bacterial cell governs the attachment efficiency of nanoparticles to the
bacterial cell wall. Moreover, the chemical composition of nanoparticles plays an
important role and determines their reactivity upon adsorption on the bacterial cell
wall, as reported for AgNPs.
Taking into consideration the obtained findings, experiments devoted to interactions
between bacteria and solids were performed, which is described in the next Chapter.
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4.2. BACTERIA-SOLIDS DESCRIPTORS
Bacterial adhesion to solid surfaces has been extensively investigated for many years
in the area of functional materials for biomedical applications. The most often reported
factors that influence bacterial adhesion are: material composition, surface topography,
wettability, conductivity, and surface charge. In this study, the effect of the electronic
factors on bacterial colonization of graphenic surfaces was investigated. The
electrostatic interactions governed by surface charges of bacteria and solid material
were thus considered.
The work function (Ф) is the energy required to remove an electron from the material
surface, and it is identified as one of the most sensitive factors describing the electronic
properties of the surface. In terms of thermodynamics, the work function is defined
as the difference between energies of the Fermi level and the vacuum level. Various
factors, such as chemical composition, bulk properties, contamination, microstructure,
and surface roughness influence the work function value. To investigate the effect
of electronic factors on bacterial adhesion to solid surfaces, the characterization
of electronic properties via work function determination was conducted. For this
purpose, one of the most surface-sensitive technique (Kelvin method) was applied (see
Subsection 3.2.3.). Since the work function is extremely sensitive to surface conditions,
it was a relevant parameter to determine for plasma functionalized graphenic surfaces
used in the studies. As a result of plasma treatment, polar oxygen functional groups
are incorporated on the surface. The formation of surface dipoles (Csurfδ+ − Oadatomδ−)
results in a negative potential barrier, and therefore, the work function value increases.
Bacterial adhesion to graphenic surfaces with different electrodonor properties was
investigated. This approach was intended to obtain fundamental knowledge about the
bacterial colonization of carbon materials. The details of experiments and discussion
of results are included in ARTICLE II. Gradually increasing values of the work function
(4.4; 4.5; 5.0; 5.4; 5.7; 6.0 eV) were obtained by low-temperature oxygen plasma
functionalization. The plasma technique allowed the controllable incorporation

Fig. 4.7. The results of plasma modification of graphenic surfaces on increasing oxygen concentration, work
function, wettability and bacterial colonization presented here for S. aureus (SEM, FM).
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of oxygen moieties on the material surface. The application of the XPS method provided
information about the nature of introduced oxygen functional groups. The: C−O and
O−C=O were identified, whereas oxygen surface concentration was found to increase
from 0.8 to 6.6% for unmodified and modified samples, respectively. Such modification
of graphenic material results in substantial changes in surface properties, such
a wettability (contact angle: 97% – 10%), surface free energy (12 – 54 mJ⋅m-2), and
electrodonor properties (work function: 4.4 – 6.0 eV).
As shown in Fig. 4.7., plasma modification increases surface oxygen concentration and
simultaneously decreases electrodonor properties and the value of water contact angle
(change from hydrophobic to hydrophilic character). Those factors affect bacterial
colonization of the surface, which increases, as illustrated in the fluorescence
microscopic images included in Fig. 4.7. These experiments were performed with the
use of model pathogenic bacterial strains (see Table 3.2., Section 3.2.), both Grampositive (S. aureus, S. epidermidis) and Gram-negative (E. coli, P. aeruginosa). It was
revealed, that after plasma functionalization, there is no preferential location for
bacterial adhesion (surface microroughness, edges), and bacteria are attached
homogenously on the material surface. The obtained results were rationalized in terms
of the DLVO theory (see Section 4.3.) and discussed broader in ARTICLE II. It was
concluded that the lowering of the work function of graphenic biomaterial surfaces
is a straightforward strategy for protection against bacterial infections.
The influence of electronic factor on bacterial colonization of biomaterials was reported
so far for nanoporous anodic titania oxide (ATO) surfaces (Fig. 4.8.a)114. Such
investigations were also conducted in the Materials and Surface Chemistry Group. The
investigated ATO surfaces differing in pores diameter (70 – 350 nm) and related
porosity (35 – 18%) were obtained via anodization of Ti foil at the constant potential
in the range of 30 – 100 V. The application of higher anodizing potential resulted in
higher pore diameters and decreased
porosity.

The

obtained

various

nano

topographies modified substantially the
electrodonor properties of ATO surfaces
described via work function. It should be
emphasized that the obtained change in
electrodonor properties resulted only from
the

altered

whereas

the

surface

nanotopography,

chemical

composition

remained constant.
In the case of plasma-modified graphenic
material (GM) (Fig. 4.8.b), the initial flat
Fig. 4.8. The area occupied by S. aureus as a function

topography remained intact,

but the

of work function values for anodized titania surface

chemical composition was altered due to

(a) and graphenic material (b).

the introduction of oxygen functional
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groups. These two materials (ATO, GM) are excellent examples for investigating the
influence of the electronic factor on bacterial adhesion. In Fig. 4.8. the comparison
of obtained results of bacterial adhesion (S. aureus) on graphenic material and reported
findings for ATO are presented. There is a dramatic difference between bacterial
colonization of graphenic material and ATO. In the case of ATO, the work function value
changes from 3.95 eV to 4.20 eV which results in a dramatic increase in bacterial
colonization (from 3% to 11%). For the GM, the work function value ranges from 4.4 eV
to 6.0 eV, and the colonization rate increases smoothly from 4% to 8% of surface
coverage by bacteria. Changes in surface topography influence the work function value
in a small range (ΔФ = 0.25 eV) when compared with the incorporation of surface
oxygen groups which lead to much higher effect (ΔФ = 1.6 eV). However, the slope of
the bacterial colonization rate is higher for ATO than GM.

Fig. 4.9. Graphical representation of bacterial cell contacting with nanoporous ATO surface (a), and plasma
functionalized flat graphenic material (b).

Fig. 4.9. illustrates schematically the contacting of a bacterial cell with the nanoporous
ATO and graphenic surfaces. In the case of ATO, its higher porosity (~35%) provides
more adhesive contact points for bacterial cell during the adsorption. At the same time,
the area of effective electron transfer between the surface and the bacterial cell
increases, providing stronger adhesion to the surface. In the case of graphenic material,
the incorporated oxygen functional groups on the surface increase bacterial adhesion
which is determined by the sum of interactions between functional groups located
at the surface and external appendages of the bacterial cell walls. The above-described
results demonstrate that the work function seems to be a universal descriptor for
evaluating the bacterial infection risk of biomaterials. It thus provides a straightforward strategy to infection risk limitation by controlling the electrodonor properties.
Taking into account that the electronic factor governs interactions between bacteria
and solid surfaces, as well as nanoparticles, the adhesion of bacteria to catalytic
supports were investigated (see Table 3.3., Section 3.3.). The experiments were
conducted as one of the steps of an innovative method for catalysts preparation with
the use of bacteria described in ARTICLE III. In Fig. 4.10., the zeta potentials
of S. carnosus, and cordierite (the most often used catalytic support), as a function
of pH are presented. The isoelectric point of S. carnosus is 2.2, and for cordierite it is 3.4.
The area designated by those two values (grey bar) is the zone of effective electrostatic
adsorption, where the surface charge of cordierite is positive, and the potential
of bacteria is negative. The effectiveness of such theoretical consideration was
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examined experimentally. As presented
in the inset of Fig. 4.10., the surface
of cordierite is completely covered by
bacteria. It is worth emphasizing that this
experiment was conducted in the period of
15 minutes, at pH = 3, which was adjusted
with the use of HCl (0.01 M). The broader
aspect of such findings led to the
innovative method of catalyst preparation
with the use of bacteria (ARTICLE III).
The obtained results allow to conclude,
that the initial stages of bacteria adhesion
Fig. 4.10. The zeta potential of bacterial cells
(S. carnosus) and cordierite as a function of pH.

to solid surfaces are dominated by electrostatic interactions. Therefore, the work
function is proposed as a key descriptor of

bacterial adhesion to conductive materials. The bacterial adsorption to non-conductive
solid surfaces could be controlled by adjusting pH to reach effective electrostatic
adsorption determined by isoelectric points of bacterial and support zeta potentials.
This will be further discussed in the next chapter when the DLVO theory will be applied
for the descriptions of bacteria-nanoparticles and bacteria-solid surface interactions.
Furthermore, practical implications of these findings will be discussed in Chapter 4.4.
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4.3. THE DLVO THEORY
The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory was originally developed for
colloidal systems to describe their stability. Nevertheless, it is successfully applied in
microbiology77,131,132, mainly to describe and understand interactions between
microorganisms and solid surfaces. According to this theory, the total interaction
energy (VTOT) results from electrostatic repulsive interactions (VEL) and attractive
Lifshitz–Van der Waals forces (VLW). In Fig. 4.11., the schematic interaction energy
profile as a function of distance is schematically presented.

Fig. 4.11. Schematic representation of interaction energy profile in DLVO theory.

The typical profile for potential energy is a function of the separation distance between
interacting objects and exhibits secondary and primary energy minima related to
reversible adsorption, and irreversible adhesion, respectively. There is also discerned
an energetic barrier, which should be overcome during the adhesion process.
In this study, the DLVO theory was used for rational interpretation of the interactions
between bacteria and nanoparticles (ARTICLE I), as well as for understanding the role
of an electronic factor in bacterial adhesion to solid surfaces (ARTICLE II). In both cases,
specific model adaptations and several assumptions were necessary to calculate the
total interaction energy. The details of the applied DLVO adaptations and the main
differences between describing systems are summarized in Table 4.1.
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Table 4.1. Comparison of DLVO theory adaptations for nanoparticles-bacteria and bacteria-solid
surfaces interactions.

NANOPARTICLES – BACTERIA

BACTERIA – SOLID SURFACES

ARTICLE I

ARTICLE II

paper

representative
micrograph

model
geometry

van der Waals
forces (VLW)

−

𝐴𝐴(𝑎𝑎1 𝑎𝑎2 )
6𝑑𝑑(𝑎𝑎1 + 𝑎𝑎2 )

−

𝐴𝐴𝐴𝐴
6𝑑𝑑

electrostatic
interactions
(VEL)

𝜋𝜋𝜋𝜋𝑎𝑎1 𝑎𝑎2 (𝜁𝜁12 + 𝜁𝜁22 ) 2𝜁𝜁1 𝜁𝜁2
1 + 𝑒𝑒𝑒𝑒𝑒𝑒(−𝜅𝜅𝜅𝜅)
� 2
ln
(𝑎𝑎1 + 𝑎𝑎2 )
𝜁𝜁1 + 𝜁𝜁22 1 − 𝑒𝑒𝑒𝑒𝑒𝑒(−𝜅𝜅𝜅𝜅)

environment

water

DPBS

Debye-Hückel
length (κ-1)

729 nm 133

0.76 nm 134

5.2 × 10−20 J

10−20 J

𝜁𝜁1,2 – zeta potentials of bacteria (1)

𝜁𝜁𝐵𝐵 – zeta potential of bacteria

Hamaker
constant (A)

potentials

+ ln{1 − 𝑒𝑒𝑒𝑒𝑒𝑒(−2𝜅𝜅𝜅𝜅)}�

and nanoparticles (2)

𝜋𝜋𝜋𝜋 × 𝑅𝑅 �2𝜁𝜁𝐵𝐵 𝜓𝜓𝑆𝑆 ln �

1+𝑒𝑒𝑒𝑒𝑒𝑒(−𝜅𝜅𝜅𝜅)
1−𝑒𝑒𝑒𝑒𝑒𝑒(−𝜅𝜅𝜅𝜅)

�+

(𝜁𝜁𝐵𝐵2 +𝜓𝜓𝑆𝑆2 ) ln(1 − 𝑒𝑒𝑒𝑒𝑒𝑒 −𝜅𝜅𝜅𝜅 )�

𝜓𝜓𝑆𝑆 – surface potential
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As presented in Table 4.1., geometrical approximations were assumed for the
calculations of total free energy. For the nanoparticles-bacteria system, the model
of two interacting micro- and nano- spheres with the radii (a1) and (a2) was adapted.
For the system of bacteria adhering to the solid surface, the geometrical model of the
sphere with the radius (R) interacting with the flat plate was taken. It should be
emphasized, that in both models the bacterial cell was approximated as a homogenous
microsphere. The geometry of interacting particles, as well as their size, play
an important role in attractive forces (VLW). The strength of the Van der Waals
interactions is also determined by the chemical composition of the system, defined by
the Hamaker constant (A), which was adapted from similar research related
to interactions between bacteria and inorganic materials32,132,133,135,136.
In the electrostatic interactions (VEL), ε is expressed as the product of the relative
permittivity of the medium εr (80 for water and DPBS at 20°C) and the permittivity
of a vacuum ε0 (8.854 × 10−12 C2/Jm). The environment of the interaction determines
the Debye-Hückel length (κ-), which is 960 nm for pure water at pH 7, whereas the
increasing ionic strength of the solution affects the value of this parameter. The used
Debye-Hückel lengths were adopted from literature134,137. For the nanoparticlesbacteria system, zeta potentials (ζ) of bacteria and nanoparticles were used for the
calculations of VEL, whereas in the bacteria-surface model, the zeta potential of bacteria
(ζB) and surface potential (ψS) measured with the use of a Kelvin probe, were used.
The application of the DLVO theory allowed reasonable interpretation of the
experimental data obtained in the study. The representative energy profiles for gold
nanoparticle-bacteria interactions are presented and broadly discussed in ARTICLE I,
while ARTICLE II provides the interpretation of the DLVO model for early stages
of bacteria adhesion to plasma functionalized graphenic material. Although the applied
theory includes certain simplifications and assumptions, it is helpful in the
understanding of presented findings and corroborates that electronic factor may
be proposed as a key descriptor of nanoparticles-bacteria and bacteria-solid surfaces
interactions.
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4.4. APPLICATIONS
The conducted research focused on basic scientific foundations for designing and
preparation of functional materials. Interactions at the investigated nanoparticlesbacteria and bacteria-solids biointerfaces play a key role in the nanobiotechnological
approach in materials science. Taking into account the green chemistry strategy for
materials preparation, the novel methodology of bacteria application for functional
materials synthesis was proposed (ARTICLE III). Specifically, the established
correlations provided a platform for the preparation of structured catalysts and
antibacterial surfaces. Nanoparticles-functionalized graphenic materials could be
applied in biomedical fields (ARTICLE IV).

4.4.1. CATALYSIS
The application of microorganisms generates considerable interest in materials science
and engineering, as highlighted in the introduction part of this thesis. The basis for
such bio-focused approach is green chemistry implying reduction and/or minimalization
of hazardous substances. Therefore, the innovative method of catalysts preparation
with the use of bacteria has been developed as a part of this thesis (ARTICLE III). Due
to its novelty, this methodology was successfully patented138.
The typical structural catalyst consists of a high-area, thermostable, porous support
(i.a. cordierite, Al2O3, ZrO2, SiC) and an active phase such as metals (i.a. Au, Pt, Pd, Fe,
Ni, Co, Zn), metal oxides (i.a. CeO2, TiO2, ZnO, MgO, Co3O4, Fe3O4, MnO2),
or composites (i.a. CoMo, NiMo), which are usually nanostructured139–141. To prepare
such catalysts, various methods of disposition of active phase nanoparticles are used
in the laboratory and industrial practice (i.a. impregnation, precipitation, dip-coating,
or in situ synthesis)140,142. Nevertheless, there is still a need to optimize the process
of nanoparticles deposition on catalytic supports to ensure optimal loading and
homogenous dispersion.
Considering the obtained results related to nanoparticles-bacteria, and bacteria-solids
interactions described in previous Sections (4.1., 4.2.), a novel strategy of catalyst
preparation with the use of bacteria was proposed. This approach consists of three
successive steps, as illustrated in Fig. 4.12. The first step is associated with bacterial
colonization of surfaces described in Section 4.2. To increase the effectiveness of this
step, contacting bacteria with the support may be conducted in the range of pH
favorable for effective electrostatic adsorption which can be determined based
on isoelectric points of the interacting objects (bacteria, support). In the next step,
nanoparticles are effectively adsorbed at the bacterial cell surface and the process
is mediated by bacterial surface charges (see Section 4.1.). The final stage includes the
removal of bacterial biomass, which could be done by the application of a lowtemperature oxygen plasma method to avoid nanoparticles aggregation.
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Fig. 4.12. Graphical representation of innovative method of catalyst preparation with the use of bacteria, and
representative SEM images of subsequent stages.

The final catalysts were prepared on a cordierite support with the use of non-pathogenic
bacterial strain S. carnosus, and gold nanoparticles (5 nm - 50 nm). The bacteria were
selected based on previously obtained results (Section 4.2.) due to their superior ability
for catalytic support colonization (ARTICLE III), as well as high efficiency
of nanoparticles adsorption on their surface (ARTICLE I). The prepared final catalysts
contained 0.2% Au (determined via AAS method) and were tested in a model CO to CO2
catalytic reaction:
1

CO + 2 O2 → CO2
To evaluate catalytic activity of the prepared catalysts, the conversion of CO was
calculated. Conversion is a parameter describing the catalytic activity and is defined as
a degree of reacted substrates (how much reactant has been converted into products).
The conversion of CO was calculated based on the formula:

where:

𝑋𝑋 =

𝐶𝐶0 − 𝐶𝐶
× 100%
𝐶𝐶0

X – conversion, C – partial pressure of the substratum (CO), C0 – initial partial pressure
of the substratum (CO).
The examples of calculated conversions as a function of temperature are presented in
Fig. 4.13.
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The obtained results demonstrate that
the prepared materials are catalytically
active. It is a proof of concept of the
proposed

novel

green

method

of structured catalyst synthesis with the
use of bacteria. The application of various
nanoparticles

may

improve

catalytic

activity. As presented in Fig. 4.13. the
application of smaller AuNPs (5 nm)
results in diminishing by about 40ºC
of the temperature for achieving 25%
conversion (T25%), as well as the starting
temperature. Such observation of the
Fig. 4.13. CO conversion curves for catalyst prepared
with the use of S. carnosus bacterial strain and gold
nanoparticles (5 nm, 30 nm) illustrated in TEM images.

higher

catalytic

activity

of

smaller

nanocrystals is associated with the effect
of

the

nanoscale.

The

smaller

the

nanocrystals, the higher the surface energy and exposed surface atoms taking part
in catalytic processes. As described in Section 4.1. and presented in ARTICLE III,
bacteria could adsorb nanoparticles of various substances (Au, Pt, TiO2, Fe3O4) and in
various sizes (2 – 50 nm). Therefore, the active phase nanoparticles could be precisely
selected for particular catalyst synthesis.
It should be emphasized, that the described nanobiotechnological strategy of catalyst
preparation has many advantages. Among a specific selection of even complex
nanoparticles, it is possible to use bacteria with specific abilities for the accumulation
of various chemical elements such as Fe, Mn, S, N. This approach is important for the
preparation of composites including carbonized bacteria biomass via pyrolysis, which
is described in ARTICLE III. Moreover, the proposed interdisciplinary approach reduces
the usage of hazardous chemicals (e.g. surfactants, reaction reagents, wastes) in the
synthesis process and could be easily scalable in the industry.
The general significance of the proposed method was proving that bacteria could
be successfully applied for green chemistry preparation of supported catalysts
consistent with green chemistry. The described strategy has been validated for various
catalytic supports (cordierite, Al2O3, ZrO2), several bacterial strains (S. carnosus,
B. subtilis, S. maltophilia, N. subflava) and gold nanoparticles in size ranges from 5 nm
to 50 nm. The proposed approach could be easily scaled up to industrial level since
bacteria do not require any special treatment.
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4.4.2. BIOMEDICINE
As described in the Introduction part of this thesis, one of the most challenging issues
of modern medicine is bacterial resistance to antibiotics. Therefore, there is an urgent
need to develop new solutions in the field of antiseptics, as well as in the prevention
of bacterial infections associated with implants and medical devices. Hence, the
functionalization of graphenic material with the use of metallic nanoparticles was
conducted and their antibacterial activity was investigated. The details are described
in ARTICLE IV.
There are many methods of surface functionalization with nanoparticles, such
as solvent evaporation, dip-coating, spin-coating, air-brushing, and sonochemical
methods. The application of these techniques allows effective and controllable
deposition of nanoparticles on a surface. Nevertheless, each method must be carefully
optimized to achieve the desired results for the investigated material. In this thesis,
to decorate graphenic surfaces with gold and silver nanoparticles, several approaches
were used and resulting products were thoroughly characterized. The air-brushing,
spin-coating, and sonochemical techniques were applied to obtain the modification
of graphenic surfaces (details included in Subsection 3.3.2.).

Fig. 4.14. SEM images illustrating different dispersion of NPs on graphenic material: (a) agglomerates,
(b) localization in microroughness, (c) uniform distribution.

In all of the applied methods nanoparticles were successfully deposited on the
graphenic surface (Fig. 4.14.). However, the homogeneity of NPs coverage differed
markedly among the used techniques. In the case of air-brushing, NPs were randomly
attached to the surface and formed agglomerates. The application of spin-coating
resulted in improved NPs dispersion, nevertheless, as a result of centrifugal force
nanoparticles were agglomerated in microirregularities (edges) of graphenic surface.
It was found, that the best procedure for the functionalization of graphenic material
with nanoparticles was the sonochemical method. This approach allowed obtaining
homogenous dispersion of NPs over the whole surface, including wrinkles. Additionally,
the unwanted agglomeration of NPs was not observed in SEM. This method was
carefully optimized by adjusting the generator parameters (time: 5 – 20 min, amplitude:
20 – 40%, power density: 30 – 85 W⋅cm−2) and the effectiveness was monitored by SEM
(see supplementary information of ARTICLE IV).
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Taking into account the variable nature of interactions (adsorption/reactive adsorption)
between bacteria and nanoparticles (Section 4.1.), the functionalization of graphenic
material with AuNPs and AgNPs was conducted. The prepared surfaces were
thoroughly characterized and their biological response to bacteria was investigated.
The obtained results, described in detail in ARTICLE IV, clearly demonstrate that
AuNPs significantly increase bacterial colonization of graphenic material (almost
twofold in comparison with the unmodified surface), whereas AgNPs decreased slightly
bacterial adhesion (~25%). Additionally, AgNP-functionalized graphenic surfaces have
antimicrobial activity against pathogenic bacteria, both Gram-positive (S. aureus,
S. epidermidis) and Gram-negative (E. coli, P. aeruginosa).
As described in Section 4.1. dispersed
AgNPs

suspended

in

solution

are

adsorbed reactively on bacterial cell
surface releasing Ag+ ions, and vanishing
over time. The antibacterial activity
is related to the concentration of Ag+ ions
which penetrate into the cells. The
Fig. 4.15. Graphical representation of bacterial cell
disintegration upon the contact with AgNPs stabilized
on the graphenic surface.

situation is completely different when
AgNPs are deposited on the surface.
Indeed, the stabilization of AgNPs on the
graphenic surface stimulate different

antibacterial mechanism. As shown elsewhere143,144 reactive oxygen species (ROS) are
formed at the AgNPs as a result of the electron transfer from the surface mainly to O2
molecules. It was observed, that introduction of AgNPs on graphenic surfaces decreases
the work function of the material facilitating the electron transfer. The extracellular
redox mechanism leading to disintegration of the bacterial cell is schematically
illustrated in Fig. 4.15. As the surface-anchored NPs are stable in comparison with
suspended NPs in liquid, this mechanism can operate over a longer time. The intact
NPs were observed in SEM after 1 hour of incubation in bacteria solution, which implies
their stabilization followed by stronger interaction with graphenic material, than
bacterial cells. Even stabilized AgNPs may release Ag+ ions and degrade in time.
However, the concentration of Ag in solution after 1 h incubation measured via the AAS
method (0.06 mg/L) was 103 times lower than the minimal inhibitory concertation
reported for pathogenic bacteria strains (16 – 400 mg/L)145–147. Therefore, the described
mechanism

of

bacteria destruction via extracellular

ROS

formation seems

to predominate in the case of surface-stabilized AgNPs.
The obtained results outline a strategy for designing surfaces exhibiting two functions:
attracting (AuNPs) and effective killing (AgNPs) of pathogenic bacteria. Therefore,
simultaneous deposition of Ag and Au nanoparticles on graphenic surfaces was applied
to achieve the intended goal. The designed AuNP- and AgNP-functionalized graphenic
surfaces increase bacterial adhesion at the early stages of material colonization and
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at the same time exhibit bactericidal effect. Details are included in ARTICLE IV.
It should be emphasized, that the functionalization of the graphenic material with
metallic nanoparticles results in facilitated electron transfer from the surface caused
by decreasing the work function value. In the case of AgNP-functionalization the WF
value is decreasing by 0.1 eV in comparison with AuNP-functionalization (0.03 eV).
Therefore, the electron transfer is facilitated in the Ag-GM surface due to lower energy
barrier.
To conclude, the sonochemical method is an effective technique for anchoring metallic
nanoparticles on graphenic surfaces. Gold and silver nanoparticles deposited
on graphenic material have the opposite effect on bacterial adhesion in the early stages
of colonization. The AuNPs promote bacterial attachment, and AgNPs inhibit it. The
AgNPs-functionalized surfaces have an antimicrobial potential due to facilitated
electron transfer from the surface and extracellular ROS formation. Co-deposition
of Au and AgNPs results simultaneously in higher bacterial colonization and
bacteriostatic effect of the material. The presented results provide a background for
rational strategies of metallic nanoparticles application towards surface functionalization. Such knowledge-based design of functional graphenic surfaces where
bacteria-surface interactions play an essential role is an original promising approach.
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5. SUMMARY
This work pertains to the central issues of the dynamically growing bionanonanobiotechnological research subject: interactions at biointerfaces. The investigations
were focused on nanoparticle-bacteria and bacteria-solid surfaces interactions. The aim
was to provide scientific foundations for rational design and development of novel
functional materials, which could be directly applied in catalysis and biomedicine.
Fig. 5.1. exhibits the integral approach of the work conducted in the Ph.D. thesis. Due
to interdisciplinarity of this work, it was necessary to apply several methods from
physical chemistry, physics, nanotechnology, surface chemistry, catalysis, biomaterials
science to microbiology.

Fig. 5.1. General strategy of the work including the corresponding published articles, possible applications,
representative images, preparation methods, and experimental techniques applied in the Ph.D. thesis.
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Because of the complex character of the present studies, numerous techniques were
applied for the thorough characterization of the investigated materials. The research
strategy is based on detailed studies of the nanoparticle-bacteria interface, goes
through the investigation of bacteria adhesion to solid surfaces and leads to the
preparation of functional materials for catalysis and biomedicine.
ARTICLE I presents the results of conducted investigations of biointerface between
nanoparticles and bacteria. For this purpose, non-pathogenic bacterial strains were
selected,

both

Gram-positive

(S.

carnosus,

B.

subtilis)

and

Gram-negative

(S. maltophilia, N. subflava). The bacterial suspensions were contacted with AuNPs.
For thorough characterization of the NPs and bacteria several methods were applied:
NTA, TEM, SEM, and ζ-potential measurements. The methodology was carefully
optimized for biointerface investigations. Furthermore, the experiments were extended
to various metallic (Au, Ag, Pt) and oxide (TiO2, Fe3O4) nanoparticles in the size range
from 2 nm to 50 nm (See also ARTICLE III).
It was observed, that independently of the chemical nature and size, the nanoparticles
were adsorbed to the bacterial cell wall. It was found, that zeta potential governs the
attachment efficiency of nanoparticles to the bacterial cell wall, described here in terms
of DLVO theory (sphere-sphere model). Based on the total energy calculations, it was
found that the location of the energy barrier indicates the critical radius of the sphere
surrounding a bacterial cell, where attractive forces dominate. The critical radius
depends on the surface charge of the bacterial cell, therefore, the zeta potential value
was proposed as a key descriptor of interactions between bacteria and nanoparticles.
ARTICLE II describes the interactions between bacteria and solid surfaces. In this part
several pathogenic bacterial strains were employed, both Gram-positive (S. aureus,
S. epidermidis) and Gram-negative (E. coli, P. aeruginosa). As a model surface, the
graphenic material was selected. Oxygen plasma was used for tuning surface
functionalities by controlled introduction of oxygen functional groups resulting
in subsequent changes of electrodonor properties. A series of graphenic material
samples with gradually increasing work function value was obtained by application
of low-temperature oxygen plasma. The prepared samples were thoroughly
characterized (RS, SEM, TG/DTA, CA, WF measurements, XPS). The bacterial
adhesion was tested with the use of fluorescence microscopy and SEM observations.
It was found, that the modification of the graphenic material by oxygen plasma led
to a change in the electrodonor properties of the surface. The more the surface oxygen
groups, the higher the work function value of the material. It was found, that bacterial
adhesion increased for samples with a higher work function value. The bacterial
attachment to the surface correlated with bacterial surface charges. The obtained
results were rationalized in terms of the DLVO theory (sphere-flat plate model) and
allowed to consider the work function as a key physicochemical descriptor
of interactions at the bacteria-surface interface. Lowering of the work function was
61

proposed as an effective strategy for the prevention of bacterial infections of graphenic
biomaterials.
ARTICLE III demonstrates novel strategies of structural catalysts preparation with the
use of non-pathogenic bacteria. The described approach uses the microbial ability for
surface colonization, electrostatic interactions at bacteria-surface, and bacteriananoparticles interfaces. To avoid nanoparticles sintering, low-temperature oxygen
plasma was applied to remove bacterial biomass from the surface of catalytic support
(cordierite, alumina, zirconia). The proposed methodology of catalyst preparation opens
a new pathway for future applications.
ARTICLE IV is devoted to antibacterial surfaces preparation via deposition of metallic
nanoparticles (Ag, Au) on the graphenic material (sonochemical technique, airbrushing, spin-coting). The obtained materials were characterized by SEM, AAS, and
WF measurements were conducted. It was found, that deposition of metallic
nanoparticles decreases the work function value of the graphenic material.
Antimicrobial tests were performed with the use of pathogenic bacterial strains
employing fluorescence microscopy. It was found that Ag and Au nanoparticles have
the opposite effect on bacterial colonization: AuNPs stimulate bacterial adhesion, and
AgNPs limit the colonization. The AgNP-functionalized graphenic surfaces have
antibacterial properties resulting from facilitated electron transfer from the surface
to the oxygen species which directly damage bacterial cells.
Finally, the presented thesis showed that in-depth understating of the nature
of interactions at biointerfaces may directly contribute to design and development
of functional materials for catalysis and biomedicine. In addition to scientific
significance, the obtained results presented in this work demonstrate also practical
relevance of the conducted research.
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6. CONCLUSIONS
The most important conclusions of the research conducted in the Ph.D. thesis can
be divided into three major categories:

METHODOLOGICAL ASPECT
It was demonstrated that electron microscopy is a reliable method for the study
of biointerfaces. The methodology applied for TEM observations of the interface
between nanometric inorganic particles and micrometric bacterial cells were carefully
optimized. The developed approach includes material fixation, dehydration, contrastenhancing, resin embedding and slicing with the use of ultramicrotome.
It was found that bacterial zeta potential decreases during bacterial growth reaching
stability in a stationary growth phase. Hence, the observed correlation should be taken
into account in research studies involving bacteria.
In the field of data interpretation, the DLVO model was used for describing
nanoparticle-bacteria and bacteria-surfaces interactions. The proposed approximations
within the DLVO model could be successfully applied for understanding interactions
at biointerfaces and thus indicating fundamental parameters.

SCIENTIFIC ASPECT
It was found that electronic factor plays an important role in the nanoparticles-bacteria,
and bacteria-solid surface interactions:
◘

zeta potential of the bacterial cell governs the attachment efficiency of nanoparticles to the bacterial cell wall: the lower the zeta potential value, the higher
the number of adsorbed nanoparticles,

◘

the work function of a conductive graphenic material dominates the bacterial
colonization of the surface: the higher the value of WF, the higher the bacterial
colonization rate.

The obtained findings allowed identification of key physicochemical descriptors of the
interactions at biointerfaces:
◘

zeta potential as a key descriptor governing bacteria-nanoparticles interactions,

◘

work function as a key descriptor of bacteria-solid surfaces interactions.

PRACTICAL SIGNIFICANCE
The established scientific basis of interactions at biointerfaces provides a foundation
for the design and development of functional materials.
◘

In the field of supported catalysts preparation, where the NPs dispersion
is challenging, a novel strategy with the use of bacteria was proposed. Such an
approach utilizes the attractive interactions between bacteria, nanoparticles and
catalytic supports governed by surface charges.
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◘

In biomedicine, the antibacterial surfaces were prepared with the use of nanoparticles. The strategy exploits decreasing work function value by nanoparticles
deposition.

Finally, the conducted research and the obtained findings provide new fundamental
knowledge on the role of an electronic factor in bacteria-nanoparticle and bacteria-solid
surfaces interactions. The present study contributed to filling the knowledge gap
in nanobiotechnology research and developed the general models of interactions at the
above-mentioned biointerfaces. The established scientific basis lays foundations for
future research into the design and development of functional materials for catalysis
and biomedicine.
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