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Abstract 

Bacteriophages, viruses that specifically infect bacteria, play a crucial 

role in natural ecosystems but pose major threats to industrial 

biotechnology, pharmaceutical production, and food safety. Phage 

infections can devastate bacterial cultures, leading to process failures 

and significant economic losses. Effective management of 

bacteriophages, therefore, requires strategies that selectively eliminate 

phages without harming beneficial bacteria. 

This thesis addresses the challenge of phage control by 

progressively developing materials capable of selective bacteriophage 

inactivation. The first approach explored novel antimicrobial 

nanomaterials, such as green-synthesized silver nanoparticles 

(TeaNPs). TeaNPs exhibited potent antibacterial and antifungal activities 

but lacked selectivity, affecting a broad range of microorganisms and 

failing to inactivate bacteriophages effectively. Although they enhanced 

antibacterial action when combined with phages, they highlighted the 

limitation of general antimicrobial strategies. Additionally, other 

nanomaterials such as zero-valent iron (ZVI) nanoparticles and copper-

based nanocoatings were evaluated for their antiviral potential. While 

these materials demonstrated measurable inactivation of some phages, 

their broad-spectrum activity and limited selectivity reinforced the need 

for more targeted antiphage solutions. 

Seeking selective approaches, the study next identified 

compounds capable of targeting phages. Indigo carmine (IC), an FDA-

approved food dye, was discovered to inactivate phages without 

compromising bacterial viability. Mechanistic studies revealed IC’s 

selective binding to DNA, disrupting phage integrity while sparing the host 

bacteria. This milestone demonstrated that molecular specificity in phage 

control is achievable using naturally available, food-safe substances. 

Building on this foundation, engineered nanomaterials were 

designed to optimize selectivity further. Mixed-ligand gold nanoparticles 

(MLNPs), combining positive, negative, and hydrophobic ligands, 

achieved efficient phage inactivation (99% reduction) while maintaining 

over 90% bacterial survival. Similarly, polypyrrole nanoparticles 
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(PPyNPs) functionalized with carboxyl groups selectively targeted 

bacteriophages while exhibiting minimal cytotoxicity to mammalian cells. 

These rationally designed nanoparticles offer scalable, biocompatible 

solutions for targeted phage management. Overall, this work advances 

the field of phage control by moving from broad-spectrum antimicrobials 

to naturally selective agents and finally to engineered nanomaterials with 

high specificity. The developed strategies offer innovative, 

environmentally sustainable, and effective approaches for safeguarding 

microbial processes in biotechnology and industrial microbiology.  
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Streszczenie 

Bakteriofagi, wirusy infekujące bakterie, odgrywają istotną rolę 

w środowisku, lecz stanowią poważne zagrożenie dla biotechnologii 

przemysłowej, przemysłu farmaceutycznego i bezpieczeństwa żywności. 

Infekcje fagowe mogą prowadzić do całkowitego załamania hodowli 

bakteryjnych i znacznych strat ekonomicznych. Skuteczna ochrona 

przed bakteriofagami wymaga strategii umożliwiających ich selektywną 

eliminację bez szkody dla korzystnych bakterii. 

W niniejszej pracy zmierzono się z wyzwaniem zapobieganiu 

infekcjom fagowym poprzez opracowanie materiałów zdolnych do ich 

selektywnej inaktywacji. Pierwszym etapem badań było zastosowanie 

nowych nanomateriałów przeciwdrobnoustrojowych, takich jak 

nanocząstki srebra syntetyzowane z wykorzystaniem ekstraktów 

z herbaty (TeaNPs). Choć TeaNPs wykazywały silne działanie 

przeciwbakteryjne i przeciwgrzybicze, brakowało im selektywności - 

oddziaływały na szeroki zakres mikroorganizmów, jednak nie 

inaktywując skutecznie fagów. Połączenie TeaNP z fagami poprawiało 

efekt przeciwbakteryjny, ale ukazało ograniczenia nieselektywnych 

metod. Dodatkowo zbadano właściwości przeciwwirusowe innych 

nanomateriałów, takich jak nanocząstki żelaza zerowartościowego (ZVI) 

oraz nanopkrycia bazujące na miedzi. Choć materiały te wykazały 

inaktywację niektórych fagów, ich zbyt szerokie spektrum działania 

i ograniczona selektywność podkreślają potrzebę opracowania bardziej 

specyficznych materiałów przeciwwirusowych. 

Poszukując bardziej selektywnych podejść, odkryto związki 

zdolne do ukierunkowanego działania. Indygotyna (indigokarmin; IC), 

zatwierdzony przez FDA barwnik spożywczy, wykazał zdolność 

selektywnej inaktywacji fagów bez negatywnego wpływu na bakterie. 

Badania mechanistyczne potwierdziły selektywne wiązanie IC z DNA. 

Było to kluczowe osiągnięcie wskazujące, że specyficzne zwalczanie 

fagów  jest możliwe. 

Bazując na tych odkryciach, opracowano specjalnie 

zaprojektowane nanomateriały, by jeszcze bardziej zwiększyć 

selektywność ich działania. Nanocząstki złota pokryte wartswą 
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mieszanych ligandów (MLNPs), łączące dodatnie, ujemne i hydrofobowe 

ligandy, osiągnęły 99% redukcji fagów przy zachowaniu ponad 90% 

przeżywalności bakterii. Również nanocząstki polipirolowe (PPyNPs) 

funkcjonalizowane grupami karboksylowymi wykazały wysoką 

selektywność wobec fagów przy minimalnej toksyczności wobec 

komórek ssaczych. 

Rozprawa przedstawia ewolucję podejścia do kontroli fagów - od 

środków przeciwdrobnoustrojowych o szerokim spektrum działania, 

przez selektywne związki, również pocodzenia naturalnego, po 

projektowane nanomateriały o wysokiej specyficzności - otwierając nowe 

możliwości dla zrównoważonej i skutecznej ochrony procesów 

mikrobiologicznych przed infekcjami fagowymi.  
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1.1 The critical role of bacteria in food and industrial 

biotechnology 

Bacteria have been of use to humankind since the beginning of time. 

Bacterial habitat spans from the human microbiome to hot springs and 

even space [1–3]. Louis Pasteur has described the significance of 

microbial life in human and animal existence [4]. Research on the gut 

microbiome also highlighted the importance of a symbiotic relationship 

between bacteria and humans [5]. While bacteria can cause a wide range 

of infections [6,7], they can also benefit the regular functioning of the 

human body. 

The natural roles of microorganisms include nutrient cycling, the 

cause and control of diseases, and food spoilage [8]. With a better 

understanding of bacteria and yeast, microbes now have great 

biotechnological applications such as the production of yogurt and 

cheese [9], fermentation of vegetables like cabbage [10], manufacture of 

biofertilizers [11], drugs, e.g., insulin [12], and the treatment of diseases 

(like cystic fibrosis, hemophilia, hepatitis B [13]) to name a few. A variety 

of products can be extracted from different growth phases of bacterial 

cells. The exponential growth phase provides primary metabolites, such 

as amino acids [14], vitamins, solvents, and organic acids [15]. Smaller 

molecules produced during the stationary phase are called secondary 

metabolites [16]. Such products are widely used in medical applications, 

like antibiotics and antitumor agents [17]. Furthermore, challenging 

procedures for producing polymer precursors and various enzymes and 

hormones can be simplified by using bacterial cultures [18,19]. 

Beyond their role in the human body, bacteria have also been 

used for various industrial applications, demonstrating their versatility 

and significance in biotechnology. The biotechnology industry is one of 

the fastest-developing industries globally [20], and the advancements in 

biotechnology and molecular biology have enabled industries to use 

microorganisms in reducing pollution, manufacturing cleaner fuels, and 

producing and processing food and beverages [21]. 

Food preservation is one of our most important tasks, and this is 

made possible via bacterial fermentation products. Gram-positive 
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bacteria, in particular, are beneficial in food production, especially in the 

fermentation of dairy products [22]. The most common bacterial group 

used in fermentation is Lactic acid bacteria (LAB), and it is used to 

produce dairy, meat, and vegetable products [23]. In most cases of 

fermentation, additional useful substances like bacteriocins, aroma 

compounds, ethanol, exopolysaccharides, enzymes, etc., are also 

produced [24]. 

Bacteria have also come to dominate the pharmaceutical industry 

with their use in the production of pharmaceutical ingredients like 

solvents, vitamins, and amino acids [25]. The sales of drugs of microbial 

origin now cross 13 billion US dollars annually [13]. Some products of 

bacteria, like bacterial cellulose (BC), play a vital role as an additive in 

nutritionally rich diets, vegetarian meat, beverages, and food packaging 

because BC cannot be absorbed by the human body and is eliminated 

as it is [26]. Secondary metabolites with biological, immunosuppressive, 

anticancer, anti-inflammatory, and antimicrobial properties are also 

widely used [27]. Other uses of bacteria comprise recombinant proteins 

capable of treating broad-spectrum illnesses [28]. 

All the processes that involve bacterial use are prone to 

contamination, the most common contaminant being bacteriophages 

[25]. Bacteriophages are viruses that infect bacteria yet do not qualify as 

living organisms due to their inability to independently carry out most 

biological processes required for reproduction [29]. Phages rely on hosts 

to reproduce, and completing the phage reproduction cycle usually 

results in the host's death. 

Contamination due to bacteriophages is a growing economic 

concern. 1-10% of batches are lost to phage contamination in dairy 

industries [30]; several companies have entirely shut down their function 

due to their inability to overcome phage contamination [25]. The most 

common source of new phages is raw milk [31]. Bacteriophages also 

interfere with fermentation processes as they are carried out in non-

sterile conditions [32]. Such infections are especially intimidating 

because a single phage can attack a bacterial cell and convert it into a 

factory for new phages (up to hundreds of virions per bacterial cell) [25]. 
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The source of contamination may either be external, introducing small 

amounts of phages, or secondary, arising from a previously 

contaminated process [25]. Therefore, executing periodic preventive 

procedures such as good laboratory practices, factory hygiene, 

sterilization, decontamination, and disinfection is essential. Still, new 

methods for dealing with page infections need to be developed. In 

numerous cases, it is impossible to fully block phage entrance to the 

process as virions might be introduced with the substrates (e.g., in the 

dairy industry). 

1.2 Bacteriophages 

Bacteriophages are considered the most abundant biological 

entities on Earth, with an estimated 1031 particles in existence [33]. 

Despite their ubiquity, the majority remain undiscovered, with only about 

0.0002% of the global phage metagenome identified so far [34]. 

A schematic overview of the most common phage morphologies is 

presented in Figure 1. Phage virions typically measure between 50 and 

200 nm, categorizing them as nanomaterials under the widely accepted 

definition, which includes structures with at least one physical dimension 

within the range of 1 to 100 nm. However, some filamentous phages, 

such as M13, can reach lengths of up to 900 nm [35]. Recently, even 

larger phages have been discovered in marine environments. For 

instance, researchers identified a family of marine 'megaphages' with 

genomes exceeding 650 kilobases, significantly larger than typical phage 

genomes [36]. These megaphages are thought to play a role in regulating 

carbon and nitrogen cycles in the ocean. Additionally, a novel 

bacteriophage, vB_HmeY_H4907, was isolated from the Mariana Trench 

at a depth of 8,900 meters, highlighting the presence of diverse and large 

phages in deep-sea ecosystems [37].  

Structurally, a phage virion consists of genetic material (dsDNA, 

ssDNA, (+)ssRNA, or dsRNA) enclosed within a protein capsid, with 

Cystoviridae being the only family of enveloped phages identified to date 

[38–41]. Phages are classified based on three features: (i) cubic, 

filamentous, or pleomorphic forms, (ii) the presence or absence of a tail, 

and (iii) industrial relevance [42]. 



P a g e  | 17 

 

As bacterial viruses, phages specifically infect bacteria but cannot 

reproduce within Eukaryotic cells due to their inability to perform essential 

biological processes [29]. Found in all bacterial habitats, phages identify 

and infect host bacteria to facilitate their own reproduction [43]. Phages 

are classified as either lytic or lysogenic based on their life cycle [44]. 

Lytic phages hijack the host's machinery to replicate and ultimately lyse 

the bacterial cell. In contrast, lysogenic phages integrate into the bacterial 

genome as prophages, remaining dormant until specific triggers induce 

their transition to the lytic cycle [44,45]. Notably, lysogenic phages play 

a role in chronic bacterial infections by contributing to bacterial virulence 

and antibiotic resistance, making them significant in microbial ecology 

and human health [46].  

 

Figure 1. Schematic representation of selected families of bacteriophages. The 

exemplary representative phages are shown with their physical dimensions. 

Adapted from Raza, S., & Paczesny, J. (2023). Nanotechnology for 

bacteriophages, bacteriophages for nanotechnology. In Nanoscience (pp. 243-

271). Royal Society of Chemistry. © 2023 Royal Society of Chemistry. 

Reproduced with permission. 

 



P a g e  | 18 

 

Bacteriophages share structural and functional similarities with certain 

human viruses, making them valuable tools for understanding viral 

replication, stability, and inactivation methods. For example, MS2, 

a small RNA phage, is often used to model human RNA viruses, while 

Phi6, an enveloped bacteriophage, serves as a surrogate for lipid-

enveloped viruses like influenza [47–49]. 

1.2.1 The role of bacteriophages  

Bacteriophages, first described by Frederick Twort and Felix d’Herelle in 

the late 19th century, are viruses that infect bacteria and undergo either 

a lytic or lysogenic cycle [50]. While early phage therapy efforts were 

hindered by inconsistent results and the success of antibiotics, the rise 

of multidrug-resistant (MDR) bacteria has renewed interest in their 

therapeutic potential [51]. Clinical trials, including the first FDA-approved 

intravenous phage therapy in 2019, highlight their growing relevance in 

treating infections such as urinary tract infections, typhoid, and systemic 

MDR infections [52–56]. Phages also play a crucial role in veterinary 

medicine, effectively treating bacterial infections in animals with high 

success rates [57]. Beyond therapy, bacteriophages are employed in 

food safety applications, such as ListShield™, which targets 

L. monocytogenes in meat and poultry products [58]. Phages are favored 

for their bactericidal effects, specificity, low toxicity, and lack of cross-

resistance with antibiotics, allowing them to selectively eliminate 

pathogens without harming commensal bacteria or human cells [50,59]. 

However, their interaction with the immune system remains complex; 

while some phages trigger immune responses, others evade detection, 

and factors like administration route and protein composition can 

influence immunogenicity [60–62]. Phages also exhibit antibiofilm activity 

by producing depolymerases that disrupt bacterial biofilms, such as those 

in P. aeruginosa infections [63,64]. The combination of phages with 

antibiotics, known as phage-antibiotic synergy (PAS), enhances bacterial 

clearance while reducing antibiotic resistance, making it a promising 

strategy against MDR pathogens [65]. However, challenges such as 

optimal phage-antibiotic ratios, host immune interactions, and pathogen 

specificity require further study [66–68]. Some antibiotics, like 

aminoglycosides, may even interfere with phage replication, limiting their 
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combined efficacy in certain cases [69]. Another innovative approach is 

the integration of phages with nanoparticles, where metallic 

nanoparticles enhance antibacterial effects while phages provide 

targeted delivery, a strategy that extends to photothermal ablation using 

phage-conjugated gold nanorods [70,71]. Furthermore, phages serve as 

templates for bio/nanomaterials, enabling the development of engineered 

peptides with bactericidal properties for various applications [72,73]. This 

resurgence of phage-based strategies highlights their potential in 

combating the global antibiotic resistance crisis while also expanding 

their role in biotechnology and medicine. 

1.2.2 Phage-Bacteria Dynamics: Evolution, Resistance, and 

Industrial Challenges 

Bacteria and phage diversity are individually affected by each other. They 

play an essential role in shaping microbial evolution since 20% of the 

bacterial genome comprises phage genetic material [74]. The 

coevolution of bacteria-phage populations is essential in microbiological 

systems for evolutionary [75] and ecological processes [76]. Phages are 

also responsible for bringing about changes in the ecosystem due to their 

predation on bacterial populations (approximately killing up to 40% of 

bacteria every day 33), thereby giving rise to horizontal gene transfer 

and, at the same time, altering host metabolism and redistributing 

compounds through cell lysis [29]. 

Bacteriophages directly affect the evolution of bacteria by 

stimulating resistance mechanisms. New adaptations counter these 

escape routes in phages, continuing the cycle [77]. Additionally, 

bacteriophages can enhance certain characteristics in bacteria, such as 

adaptability and virulence, like in the case of phage-resistant 

Campylobacter jejuni and Pseudomonas aeruginosa displaying loss of 

fitness and increased extracellular production, respectively [74]. They are 

also capable of spreading antibiotic resistance and pathogenicity 

factors [29]. Bacteria can also be manipulated to introduce novel genes, 

disrupt host genes, and modify cellular metabolism with the help of 

prophages [78]. This results in slower growth and decreased efficiency 

of byproduct synthesis [79,80]. Alternatively, temperate phages can be 
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used to boost host immunity by preventing the attachment of other 

phages or by preventing their propagation, thereby driving bacterial 

evolution [81]. 

Bacteriophages have a make-up to carry out precise functions of 

host identification, subsequent metabolism requisition, and reproduction 

[43]. The release of progeny virions (viral particles) results in the death 

of the host cell in most cases. Bacteriophage infection often results in the 

spread of resilient contamination followed by a heavy loss of product [82]. 

Such an effect is amplified while operating in biofoundries on large scales 

[80]. Contaminations like these that spread quickly are often endured by 

laboratories and bacteria-based industries [83]. Phage contamination 

was first reported by Whitehead and COX in 1935 in a dairy culture [84]. 

1.3 Current Strategies for Phage Inactivation and Their Limitations 

Phages are hard to remove, and regular cleaning and disinfectants 

usually don't work against them. [85]. Fundamental approaches to 

managing contamination include selecting suitable equipment, optimizing 

process designs, and ensuring thorough cleaning and sterilization 

practices [25]. Decontamination of laboratories and biofoundries often 

relies on a combination of physical and chemical treatments [32]. 

Physical methods such as photocatalysis, high-pressure processing (up 

to 100 MPa) [86], and ultra-pasteurization are frequently employed [87]. 

Chemical strategies involve using a range of disinfectants, including 

benzalkonium chloride, chlorhexidine, hydrogen peroxide, triclosan, 

polyvinylpyrrolidone-iodine, alkaline detergents, potassium 

peroxymonosulfate (e.g., Virkon S, commonly used in laboratories), and 

sanitizers based on quaternary ammonium compounds [88–90]. 

Phage inactivation can be achieved through various methods, with 

new approaches continually being developed. These methods are 

generally classified into physical and chemical strategies (Figure 2). 

While temperature, high pressure, and UV exposure are critical physical 

factors, chemical approaches often rely on reactive oxygen species 

(ROS), natural extracts, salts, and polymers for phage inactivation. 

Recently, a new dimension has been added to this field: nanotechnology. 

The application of nanotechnology for phage inactivation is gaining 
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increasing attention, offering novel mechanisms and enhanced efficacy 

for controlling bacteriophage activity in various settings. 

 

Figure 2. Three strategies of phage inactivation: physical, chemical, and 

nanotechnology. 

 

A key distinction between current antiviral drugs and novel 

antiphage agents is their mode of action. Traditional antiviral treatments 

typically target the host cell after infection has occurred, aiming to disrupt 

viral replication. In contrast, some antiphage strategies work directly on 

the virion itself, preventing infection before the virus enters a host cell. 

This difference highlights the potential for developing new antiviral 

therapies inspired by bacteriophage-targeting approaches. 

1.3.1 Physical Factors 

Thermal inactivation is a widely applied method, particularly in industrial 

processes. Temperatures between 50 °C and 95 °C can induce 

morphological changes in bacteriophages, such as capsid deformation, 

DNA release, and the separation of head and tail structures [91]. Elevated 

temperatures above the DNA transition point promote DNA ejection, 

rendering phages inactive [92,93]. For example, MS2 phages lose 
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infectivity at around 72 °C, while lower temperatures fail to disrupt their 

integrity [94]. However, thermal methods are less effective against highly 

resistant phages (e.g., Lactococcus phage), such as those surviving 

pasteurization or boiling [87,95]. 

High-pressure processing (HPP) is another emerging non-thermal 

technique, ensuring product integrity while inactivating phages [87]. 

Pressures of 300–800 MPa can significantly reduce phage titers (up to 8 

log reduction), depending on the phage structure [96,97]. While effective 

in many cases, certain bacteriophages, like those infecting Salmonella, 

resist pressures up to 250 MPa, making HPP a non-universal strategy 

[96]. 

Radiation inactivates phages primarily by inducing free radical 

formation and damaging the viral [98,99]. Modern techniques use UV, X-

rays, or lasers for targeted applications, often enhanced by 

photocatalysts like titanium dioxide [100,101]. Electric fields also play 

a role in destabilizing phage capsids or filtering out virions using multi-

walled carbon nanotube filters, achieving titer reductions up to 7 log [102]. 

However, radiation and electric field methods often require specialized 

equipment and pose safety challenges for personnel. 

Osmotic shock may also be created by significant salt 

concentration changes to destabilize phages, causing virion bursting 

[103]. Studies report up to 90% inactivation of bacteriophage T2Rb with 

rapid effects within a minute [104,105]. This method, though effective, 

has been overlooked in recent years. 

 Another approach includes the application of extreme pH 

conditions for rapid phage inactivation. Acidic pH values (e.g., pH 1) 

achieve complete inactivation of phage T3 within 15 seconds [106]. Basic 

conditions (e.g., pH 9–10) can reduce coliphage titers by 5 log, but other 

phages like PhiX174 demonstrate higher resistance [107,108]. pH 

stability is critical for phage therapy applications, where genetic 

modifications may enhance survival through acidic environments [109]. 

1.3.2 Chemical Factors 

Chemical methods for bacteriophage inactivation are diverse, leveraging 

polymers, proteins, natural extracts, commercially available disinfectants, 
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reactive oxygen species (ROS), and salts. Each class offers unique 

mechanisms, benefits, and limitations, contributing to advancements in 

phage control strategies. 

Polymers such as poly-amino acids are gaining attention for 

sustainable phage inactivation methods. Poly-L-lysine, particularly α-

poly-L-lysine and ε-poly-L-lysine, effectively inactivates coliphages T4 

and T5 by binding to DNA phosphate groups, causing precipitation and 

subsequent inactivation [110–114]. Polymeric amphiphiles, such as 

PEG-polylactide copolymers, prevent phage adsorption by blocking lectin 

receptors [115,116]. Chitosan, a derivative of chitin, inactivates phages 

like coliphages and bacteriophage 1-97A, reducing titers by 5 log, though 

its mechanism remains unexplored [117–120]. 

Eukaryotic antibodies exhibit high specificity for bacteriophage 

antigens, making them effective antiviral agents. Plasma proteins also 

show broad-spectrum activity against phages [121–124]. While these 

approaches hold potential, they rely heavily on immune system 

responses, thus limiting scalability for industrial applications. 

Natural plant and bacterial extracts are explored for phage 

inactivation due to their economic and ecological benefits. Tea extracts, 

rich in antibacterial and antiviral properties, show promise in inactivating 

microbes [125,126]. Extracts from thyme (Thymus vulgaris), rosemary 

(Salvia rosmarinus), and blueberry (genus Vaccinium) have 

demonstrated phage inactivation, with blueberry achieving complete 

MS2 inactivation after seven days [127–130]. However, pomegranate 

juice, effective against human enteric viruses, shows limited efficacy 

against phages [131]. Bacteria-derived molecules like daunorubicin and 

doxorubicin also exhibit antiphage activity but are non-specific in 

targeting [132–134]. 

Chemical disinfectants remain a cornerstone of phage control, 

encompassing agents like benzalkonium chloride, chlorhexidine, 

hydrogen peroxide, triclosan, and quaternary ammonium compounds 

[88–90,135–137]. Virkon S and ethanol are widely used in laboratory 

settings [137]. Chlorine and ozone are effective but have significant 

drawbacks, such as carcinogenicity, corrosiveness, and environmental 
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harm [138,139]. Emerging techniques like ozone nanobubbles offer novel 

approaches, achieving up to an 8 log reduction in bacteriophage titers 

[140]. 

ROS, including hydroxyl radicals, superoxide anions, and singlet 

oxygen, play a pivotal role in phage inactivation by damaging DNA and 

viral capsids. ROS can be generated by compounds like resveratrol-

Cu(II) complexes, titanium oxide surfaces, or plasma-activated water, 

achieving over 99.99% inactivation of MS2 in seconds [141]. However, 

some phages inhibit ROS formation, limiting this method's universality 

[142]. 

Metal salts also inactivate phages by binding to capsid proteins 

and disrupting viral structure and function. Heavy metal salts (e.g., lead, 

mercury, copper, and cadmium) effectively inactivate phages but pose 

environmental and toxicity concerns [143]. Light metal salts, such as 

calcium and sodium, also contribute to phage inactivation by interfering 

with DNA release mechanisms [144–147]. Reversible inactivation using 

compounds like potassium cyanide highlights the versatility of metal salts 

[148,149]. Despite their efficacy, chemical approaches often face 

challenges like environmental toxicity, lack of specificity, and potential 

resistance development. Proper waste management and careful 

application are critical for integrating these methods into industrial and 

ecological settings [150,151]. 

Chemical inactivation methods provide a diverse platform for 

combating bacteriophages, with polymers, proteins, and natural extracts 

offering sustainable solutions, while ROS and salts bring precision and 

efficacy. However, balancing effectiveness with environmental and safety 

considerations remains a pressing challenge with chemical inactivation. 

1.3.3 Nanoparticles 

Nanotechnology has emerged as a promising tool in microbiology to 

address contamination challenges, with its effectiveness mediated by 

nanoparticle size, charge, and composition [152]. Nanoparticles 

inactivate bacteriophages through mechanisms such as toxic ion release 

[153–155], reactive oxygen species (ROS) generation [141,156], or 

interference with viral proteins [157]. 
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Silver nanoparticles (AgNPs) are among the most extensively 

studied for their antiviral properties. AgNPs deactivate bacteriophages 

via adsorption, ion release, and ROS generation, achieving up to 96% 

PFU/mL reduction [155]. Studies exploring the application of colloidal and 

immobilized AgNPs have achieved complete inactivation of MS2 and T4 

phages [158]. Additional applications include bacteriophage detection via 

silver-based inks and water disinfection using AgNP-coated filters or 

hybrid composites [159–164]. 

Other studies have explored the use of gold nanoparticles against 

bacteriophages. Richter et al. worked on negatively charged gold 

nanoparticles coated with varying ratios of negative (11-mercapto 1-

undecanesulfonic acid) and hydrophobic (1-octanethiol) ligands. The 

study aimed to establish ratios that could inactivate bacteriophages 

without damaging bacterial cells. Such nanoparticles have the potential 

to be directly used in applications that require the selective removal 

of bacteriophages [157]. 

Iron nanoparticles, including hematite and zero-valent iron (nZVI), 

play a significant role in bacteriophage inactivation. Smaller 

nanoparticles offer greater efficacy due to increased surface area, 

achieving up to a 7 log reduction in bacteriophage titer for phages like 

M13 [165]. However, their effects vary depending on phage type, as T7 

phages exhibit greater resistance. 

Silica nanoparticles, while less studied, demonstrate potential for 

bacteriophage attenuation through adsorption. Modified silica particles 

can bind foodborne pathogen phages like those of E. coli and Salmonella, 

reducing titers by up to 8 log [166]. Functionalized silica particles also 

immobilize phages, making them promising for filtration and removal 

systems [167]. 

Carbon nanotubes (CNTs), including single-walled and multi-

walled forms, are effective due to their high surface area, which enhances 

bacteriophage adsorption. These structures have been effective in water 

solutions and bioaerosols [168]. Other promising carbon-based 

nanomaterials include carbon dots, fullerene, fullerol, graphite, graphene, 

and graphene oxide [169–174]. 
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Although nanotechnology offers significant advantages for 

bacteriophage inactivation, challenges remain unresolved. Nano-

compounds may harm the environment [175,176], and overuse could 

lead to nanoparticle resistance akin to antibiotic resistance [177,178]. 

Proper waste management and regulatory approval are also crucial for 

industrial-scale applications of nanomaterials. 

1.4 The Need for Innovative, Food-Safe, and Scalable Solutions 

The increasing prevalence of bacteriophage contamination in industrial 

biotechnology and food production highlights the urgent need for 

innovative and scalable solutions. While the biotechnology and food 

industries rely heavily on bacteria for fermentation, drug production, and 

nutrient cycling, these processes are frequently compromised by phage 

infections. Bacteriophages, with their high specificity and ability to rapidly 

replicate, present a significant economic burden, leading to production 

inefficiencies and loss of entire batches. Despite decades of research, 

current phage inactivation methods face substantial limitations, 

necessitating the development of new, food-safe, and scalable 

strategies. 

Although several physical, chemical, and nanotechnology-based 

strategies exist for bacteriophage inactivation, these approaches often 

fail to address industry needs. Physical methods, such as high-pressure 

processing, thermal treatments, and UV exposure, are effective in many 

cases but can be energy-intensive, impractical for real-time applications, 

or detrimental to the quality of sensitive products. Chemical approaches, 

including disinfectants and reactive oxygen species (ROS), pose risks of 

environmental toxicity and may leave harmful residues in food products. 

Furthermore, while nanotechnology-based methods hold immense 

promise, challenges such as potential nanoparticle resistance, 

environmental concerns, and high costs limit their widespread adoption. 

A critical gap in current methods is the lack of antiviral agents that 

are non-toxic to bacterial cells and can be safely applied during active 

bioprocessing in bioreactors. Most strategies require process 

interruptions, which disrupt production cycles and increase operational 

costs. Moreover, traditional approaches often fail to provide the 
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specificity and scalability required for large-scale industrial applications. 

Thus, the development of targeted, safe, and real-time solutions is 

essential for overcoming these limitations. 

To address these challenges, this thesis will explore three 

innovative strategies for bacteriophage inactivation: 

1. Novel antimicrobials: Current antimicrobial methods are often 

ineffective against phages and viruses in general. New strategies, 

such as specially designed nanoparticles, are being developed to 

achieve more efficient phage inactivation and address this gap. 

However, while these approaches show promise, they may lack 

selectivity and pose risks to other organisms and the environment. 

2. Naturally selective antiviral strategies: Certain molecules with 

inherent antiviral properties may offer promising avenues for 

phage inactivation. Investigating these molecules, particularly 

those that exhibit selectivity in disrupting phage activity without 

harming bacterial cells, presents a strategy for enabling their use 

in biotechnological applications, such as bioreactors, during active 

processes. 

3. Engineered selectivity through charge-based interactions: 

A strategy for phage inactivation involves designing materials with 

mixed-charge surfaces, exploiting the charge distributions on 

phage capsids. By fine-tuning these surface charges, it is possible 

to enhance the binding specificity to phages and facilitate effective 

inactivation, providing a novel method for targeting phages without 

interfering with bacterial functions. 

These strategies aim to bridge the existing gaps in bacteriophage 

management, offering scalable and food-safe solutions that align with 

industrial and environmental requirements. By focusing on innovative 

materials and mechanisms, this thesis seeks to contribute to developing 

robust, real-time, and sustainable antiphage technologies. 
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CHAPTER 2 

Aim & Scope 



P a g e  | 29 

 

The increasing prevalence of bacteriophage contamination presents 

a significant challenge to bacterial processes in food and industrial 

biotechnology. These contaminants disrupt bacterial cultures, leading to 

substantial losses in substrates and commercial products, and 

complicate bioprocesses due to their rapid infectivity and persistence. 

Despite advancements in bacterial strain development and improved 

laboratory practices, the current strategies primarily focus on preventing 

phage contamination through design-level interventions and 

microbiological techniques. However, these approaches often fail to 

address phage infections effectively once contamination occurs, leading 

to recurring infections and batch failures. 

The demand for effective phage deactivation methods has 

become more pronounced due to the increasing reliance on bacterial 

cultures for biotechnological applications. Although physical and 

chemical strategies for phage inactivation exist, they often lack 

specificity, can be harsh on bacterial cells, or pose environmental 

concerns. Biotechnology and material science innovations offer new 

possibilities, particularly by exploring nanotechnology and bio-safe 

chemical agents. The aim is to develop scalable, efficient, and 

environmentally sustainable solutions for managing phage-related 

disruptions in bacterial processes. This thesis seeks to contribute to this 

goal by exploring novel approaches to phage deactivation, enhancing our 

understanding of bacterial-phage interactions, and providing practical 

solutions for industrial implementation. 

The thesis begins by examining the broad potential of 

nanotechnology in antimicrobial applications (Chapter 4). This chapter 

highlights how metallic nanoparticles, particularly silver and iron-based 

systems, are applied across food science, medicine, and environmental 

fields. Special emphasis is placed on the antibacterial and antifungal 

properties of green tea-synthesized silver nanoparticles (G-TeaNPs) and 

the synergistic potential of combining nanoparticles with bacteriophages 

to enhance antimicrobial effects. Additionally, copper-based 

nanocoatings and iron nanoparticles are evaluated for their antiviral 

activities, underscoring the promise and challenges of using 

nanomaterials to manage pathogens. 
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Building on the need for more selective approaches, Chapter 5 

introduces the discovery of naturally occurring compounds capable of 

selectively inactivating phages without harming host cells. Indigo carmine 

(IC), an FDA-approved food dye, demonstrated significant antiphage 

activity against DNA bacteriophages while maintaining bacterial viability 

and productivity. This finding represents a crucial proof-of-concept that 

selective antiviral agents can exist naturally, paving the way for the 

rational design of even more targeted strategies. 

Finally, Chapter 6 explores the engineering of selective 

nanomaterials through charge-based interactions. Mixed-ligand 

nanoparticles (MLNPs) and polypyrrole nanoparticles (PPyNPs) are 

developed and optimized to achieve high phage inactivation rates while 

preserving bacterial and mammalian cell viability. These materials offer 

precise, targeted antimicrobial action with minimal toxicity by fine-tuning 

the surface chemistry, e.g., balancing positive, negative, and 

hydrophobic functionalities. This chapter highlights the potential of 

engineered selectivity for safe, efficient pathogen control in industrial and 

medical contexts. 

Together, these chapters chart a progression from broad-

spectrum nanomaterials toward naturally inspired and ultimately 

engineered solutions for selective antimicrobial strategies, providing a 

foundation for safer and more sustainable pathogen management 

technologies. 

By addressing the limitations of current decontamination 

strategies, this research contributes to developing cost-effective, 

environmentally friendly solutions to phage-related challenges. The 

findings aim to support industrial stakeholders in maintaining phage-free 

bacterial cultures, improving process reliability, and enhancing product 

quality in diverse microbial applications. 
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CHAPTER 3 

Materials & Methods  
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3.1. Materials 

Silver nitrate (AgNO3, >98%, Sigma-Aldrich), sodium borohydride 

(NaBH4, >98%, Sigma-Aldrich), trisodium citrate (TSC, >98%, Sigma-

Aldrich), sodium hydroxide (NaOH, analytical grade, Sigma-Aldrich), 

lactic acid (88%, Chempur, Poland), d-(+)-glucose (POCH, Poland), 

polyvinylpyrrolidone (PVP, Mw 40,000, Alfa Aesar), copper(II) sulfate 

pentahydrate (CuSO4·5H₂O, EuroChem, Poland), hydrochloric acid (HCl, 

35%, standard chemical supply), iron(III) chloride hexahydrate 

(FeCl3·6H₂O, Merck, Germany), iron(II) chloride tetrahydrate 

(FeCl₂·4H2O, Merck, Germany), pyrrole (Merck, Germany), 3-(1H-pyrrol-

1-yl)propanoic acid (PyCOOH, ChemBridge, USA), polyvinyl alcohol 

(PVA, Merck, Germany), hydrazine hydrate (Sigma-Aldrich, freshly 

distilled over KOH), mercaptoundecanoic acid (MUA, Sigma-Aldrich), 

dodecanethiol (DDT, Sigma-Aldrich), didodecyldimethylammonium 

bromide (DDAB, TCI, Japan), (11-mercaptoundecyl)-N,N,N-

trimethylammonium bromide (TMA, synthesized according to literature 

method), tetrabutylammonium borohydride (Sigma-Aldrich), 

tetramethylammonium hydroxide (25% in water, Sigma-Aldrich), indigo 

carmine (E132, Food Colors, Poland), chloramphenicol and kanamycin 

(standard suppliers), isopropyl β-D-1-thiogalactopyranoside (IPTG, 

standard supplier), and uranyl acetate (2% aqueous solution, EM 

Resolutions). Organic solvents, including toluene, chloroform, and 

methanol, were purchased from Linegal Chemicals (Poland) and used 

without further purification. Ethanol was used as analytical grade (POCH, 

Poland). Deionized water (Milli-Q system, resistivity 18.2 MΩ·cm) was 

used for all aqueous solutions. 

LB medium, LB-agar, and Top LB-agar were prepared using NaCl, 

tryptone, yeast extract, and agar (Carl Roth, Germany). YPD medium 

was used for yeast strains (Carl Roth, Germany). TM buffer was prepared 

with 10 mM Tris base, 10 mM MgSO4, 5 μM CaCl2, and deionized water 

(pH 7.4), with all components sourced from Sigma-Aldrich. All media and 

buffers were sterilized by autoclaving before use. 
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3.2. Nanoparticle Synthesis 

3.2.1. Synthesis of Tea Extract Silver Nanoparticles (TeaNPs) 

Silver nanoparticles using tea extracts (TeaNPs) were synthesized 

following a modified method by Nakhjavani et al [179]. Black, green, and 

Pu-erh teas were frozen in liquid nitrogen, ground into a powder, and 

extracted in hot water (60 °C) for 15 minutes. The extract was 

centrifuged, filtered (0.22 µm), and mixed with a silver nitrate solution (10 

mM) while maintaining the temperature below 50 °C. After 2 hours of 

stirring, the resulting yellow-brown nanoparticle suspension was 

centrifuged and washed six times with deionized water, yielding purified 

TeaNPs stored at 4 °C at a concentration of 1 mg/mL. 

3.2.2. Synthesis of Citrate-Capped and Green Tea Silver 

Nanoparticles (C-AgNPs) 

Citrate-capped silver nanoparticles (C-AgNPs) were synthesized by 

reducing silver nitrate with sodium borohydride in the presence of 

trisodium citrate. An aqueous solution containing 2 mM NaBH4 and 2 mM 

TSC was heated to 60 °C and stirred for 30 minutes, after which silver 

nitrate solution was added dropwise. The mixture was heated to 90 °C, 

pH adjusted to 10.5 with NaOH, and stirred for 20 minutes to yield citrate-

capped silver nanoparticles. 

Green Tea silver nanoparticles (G-TeaNPs) were prepared 

similarly to TeaNPs but using only green tea extract. The purified extract 

was reacted with silver nitrate at 50 °C, stirred for 2 hours, and the 

resulting nanoparticles were isolated by centrifugation, washed, and 

suspended in deionized water to 1 mg/mL. 

3.2.3. Synthesis of Zero-Valent Iron Nanoparticles (ZVI) 

Zero-valent iron (ZVI) nanoparticles were synthesized by reducing 

iron(III) chloride with sodium borohydride under an argon atmosphere. 

A 0.05 M FeCl3 solution was purged with argon and reacted dropwise 

with a 0.15 M NaBH₄ solution. After precipitation, the product was 

washed thoroughly with water, filtered through a nylon mesh, lyophilized, 

and stored under argon. Partially oxidized ZVI (PO ZVI) and oxidized ZVI 
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(O ZVI) were prepared by exposing ZVI to air for 2 minutes and 2 days, 

respectively. 

3.2.4. Synthesis of Copper Oxide Nanocoatings 

Copper oxide nanocoatings were electrodeposited on titanium foil 

substrates using a three-electrode setup. The electrolyte consisted of 0.4 

M CuSO4 and 3 M lactic acid, with optional addition of glucose or PVP to 

control crystal growth. The solution pH was adjusted to 10 with NaOH. 

Deposition was carried out at 750 mV for 30 minutes at 60 °C after 

pretreatment scans between -1 V and 1.3 V. Coated foils were rinsed and 

dried at room temperature. 

3.2.5. Synthesis of Mixed-Ligand Gold Nanoparticles (MLNPs) 

Mixed-ligand gold nanoparticles (MLNPs) were synthesized by first 

producing DDA-capped gold nanoparticles in toluene using the method 

by Jana and Peng [180]. The DDA-AuNPs were purified by methanol 

washing and redispersed in toluene. Ligand exchange reactions were 

performed using premixed solutions of TMA, MUA, and DDT in various 

ratios. The functionalized MLNPs were purified by chloroform/acetone 

washing and redispersed in water at a concentration of 1 mg/mL. 

3.2.6. Synthesis of Polypyrrole Nanoparticles (PPyNPs) 

Polypyrrole nanoparticles were synthesized by chemical oxidative 

polymerization. Pyrrole monomer, optionally mixed with various molar 

ratios of PyCOOH, was polymerized in the presence of polyvinyl alcohol 

and iron(III) chloride at 5 °C. The reaction was conducted overnight under 

constant stirring. Resulting nanoparticles were purified by differential 

centrifugation and redispersed in deionized water. Five types of PPyNPs 

with varying carboxyl content (0–10 %) were prepared and stored at 4 °C. 

3.3. Material Characterization 

3.3.1. UV-Visible Spectroscopy (UV-Vis) 

UV-visible absorption spectra of nanoparticle suspensions and dye-

containing samples were recorded using an Evolution 220 UV-Vis 

spectrophotometer (Thermo Scientific, Waltham, USA). Measurements 

were performed in 10 mm quartz cuvettes (Hellma, Germany) over the 

wavelength range of 200–800 nm with 1 nm increments. Samples 
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containing indigo carmine and food dyes were diluted 100-fold prior to 

measurement. 

3.3.2. Fourier-Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were recorded using a Vertex 80v spectrometer (Bruker, 

USA) equipped with a deuterated triglycine sulfate (DTGS) detector and 

OPUS 6.5 software. Measurements were performed in reflection mode 

under reduced pressure (6 hPa) using 1,024 scans per spectrum at 

a resolution of 2 cm-1. Dried extracts and nanoparticle samples were 

placed directly on the ATR crystal or gold-coated glass slides. 

3.3.3. Raman Spectroscopy 

Raman spectra of polypyrrole nanoparticles were collected using 

a BRAVO Raman spectrometer (Bruker, Germany) equipped with a Duo 

Laser system operating at 700–1,100 nm. Spectral resolution ranged 

from 2–4 cm-1, with an acquisition time of 6 seconds per spectrum. 

Measurements were performed under ambient conditions and averaged 

over three spectra per sample. 

3.3.4. Dynamic Light Scattering (DLS) and Zeta Potential 

Hydrodynamic size and surface charge (zeta potential) of nanoparticles 

were measured using a Zetasizer Nano ZS instrument (Malvern 

Instruments, UK), equipped with a He-Ne laser (633 nm, max 4 mW). 

DLS measurements were performed at 20 °C with a backscattering angle 

of 173°. Before measurements, samples were dispersed by 

ultrasonication and diluted in deionized water or TM buffer. Zeta potential 

was determined using folded capillary cells, with tetramethylammonium 

hydroxide added when required for MUA deprotonation. 

3.3.5. Scanning Electron Microscopy (SEM) and Energy-Dispersive 

X-ray Spectroscopy (EDS) 

SEM imaging was performed using the FEI Nova NanoSEM 450 

microscope (USA) and Thermo Fisher Phenom XL Desktop SEM for 

structural and elemental analysis. Accelerating voltages ranged from 5 to 

15 kV. Backscattered electron mode was used for topography, and 

elemental composition was assessed with EDS (Octane Elect Plus). 

Samples were mounted on carbon tape or gold-coated glass slides. 
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Cross sections were polished and nickel-plated using a Watts bath in the 

Langmuir copper oxide experiments. 

3.3.6. Transmission Electron Microscopy (TEM) 

High-resolution TEM images were acquired using the FEI Tecnai Spirit 

BioTWIN electron microscope with a digital camera. Nanoparticle 

suspensions were drop-casted onto C400Cu100 copper grids (400 

mesh, carbon layer; EM Resolutions), and negatively stained with 2 % 

uranyl acetate for 15 seconds at room temperature. Samples were air-

dried before imaging. 

3.3.7. X-ray Diffraction (XRD) 

Powder X-ray diffraction was analyzed using a PANalytical Empyrean 

diffractometer (Malvern, UK) in Bragg–Brentano and grazing incidence 

(GID) modes. Cu Kα radiation (λ = 0.154 nm) was used as the X-ray 

source, and diffraction patterns were obtained at room temperature. 

3.3.8. X-ray Photoelectron Spectroscopy (XPS) 

XPS was conducted using a CLAM2 spectrometer (VG Microtech Ltd., 

UK). Dried powder samples were mounted directly on the holder and 

measured in high vacuum. The spectral range spanned from 0 to 1300 

eV. 

3.3.9. Nuclear Magnetic Resonance (NMR) 

Proton NMR spectroscopy was performed using a Bruker 400 MHz 

spectrometer. Dried MLNP samples were dissolved in a methanol-iodine 

solution to etch ligands, re-dried, and re-dissolved in dry deuterated 

DMSO. Measurements were taken under an argon atmosphere. Excess 

iodide was added where necessary to shift residual water peaks. 

3.3.10. Surface Area and Porosity (BET Analysis) 

Surface area measurements were conducted using the ASAP 2020 

instrument (Micromeritics, USA). Krypton was used as the adsorbate at 

77 K, and samples were degassed at 373 K for 15 hours prior to analysis. 

The BET method was applied to calculate specific surface areas. 
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3.3.11. Differential Scanning Calorimetry (DSC) 

Thermal behavior of PVME formulations was studied using a MICROCAL 

VP-Capillary DSC system (Malvern, UK). Samples were scanned 

between 25°C and 80°C, including pre-heated samples to assess 

structural transitions. Reproducibility was ensured by running replicate 

samples from the same batch. 

3.4. Microbiological Assays 

3.4.1. Bacterial Culturing 

Bacterial strains used in this work included Escherichia coli BL21, E. coli 

C3000, Pseudomonas aeruginosa PAO1, Salmonella enterica DSM 

18522, Staphylococcus aureus ATCC 43300 and DSM 105272, 

Acinetobacter baumannii ATCC 19606, Enterococcus faecium DSM 

13590, Klebsiella pneumoniae ATCC 700603, Enterobacter cloacae 

PCM 2569, Listeria monocytogenes EGDe, Bacillus subtilis DSM 5547, 

and E. durans PCM 1857. Bacteria were grown in LB medium unless 

otherwise noted. For L. monocytogenes, BHI medium and BHI agar were 

used. Cultures were prepared by inoculating a single colony into 10 mL 

of medium and incubating overnight at 37 °C in an orbital shaker at 200 

rpm. Cultures were refreshed by mixing 2.5 mL of overnight culture with 

7.5 mL of fresh medium and incubating for 1 hour to reach OD₆₀₀ of ~1.0. 

For P. syringae, incubation was carried out at 28 °C. 

3.4.2. Bacteriophage Propagation and Storage 

Bacteriophages used in this study included T1, T4, T7, MS2, M13, 

λ, P001, P22, Φ6, Φ29, LR1_PA01, vB_SauS_CS1, and QBeta. Phages 

were propagated by infecting early logarithmic-phase host cultures. After 

visible lysis, phages were p 

recipitated using polyethylene glycol (for DNA phages), centrifuged, and 

purified by CsCl density gradient ultracentrifugation. MS2 was directly 

filtered through a 0.22 μm syringe filter. Final suspensions were dialyzed 

in TM buffer and treated with viscolase (0.2 μg/mL). All stocks were 

stored at 4 °C. 
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3.4.3. Double Overlay and Droplet Titration 

Phage titers were quantified using the double overlay method or droplet 

plaque assay. For the double overlay, 4 mL of 0.5% top LB agar mixed 

with 200 μL of fresh bacterial culture was poured over solidified 1.5% LB 

agar plates. Diluted phage suspensions were either mixed with this layer 

or applied as 5 μL droplets (7–8 per plate). Plates were incubated 

overnight at 37 °C (or 45 °C for λ). Plaques were counted, and phage 

titers were expressed as PFU/mL using the equation PFU/mL = n × d × 

200. 

3.5. Cytotoxicity Studies 

3.5.1. Alamar Blue Assay 

3T3 NIH fibroblast cells were used to assess the cytotoxicity of AgNPs, 

G-TeaNPs, MLNPs, and PPyNPs. Cells were cultured in DMEM 

supplemented with 10% FBS and 1 % penicillin-streptomycin under 

standard conditions (37 °C, 5 % CO₂). After seeding 1.5 × 104 cells/well 

in 96-well plates and overnight incubation, cells were treated with 

nanoparticles (0.1 mg/mL for MLNPs, 0.3 mg/mL for PPyNPs) for 24 or 

48 hours. After exposure, media were replaced with 10 % (v/v) Alamar 

Blue in fresh medium and incubated for 4 hours. Fluorescence (Ex 530–

570 nm, Em 580–620 nm) was measured with a SpectraMax i3x plate 

reader. 

3.5.2. MTT Assay 

HeLa and A549 cancer cell lines were used to assess BB-PVME 

formulation toxicity. Cells (10,000/well) were seeded in 96-well plates, 

incubated for 6 hours, and then treated with dye–polymer formulations at 

five concentrations (two-fold dilutions). After 6 hours, the medium was 

replaced with 1 mM MTT reagent and incubated for 3 hours. Afterward, 

DMSO was added, and absorbance at 540 nm was recorded. Cell 

viability was calculated relative to untreated controls. 

3.6. Special Experiments 

3.6.1. Dose–Response Tests with Indigo Carmine 

Phages (T4, T1, T7, λ, MS2, and P001) were incubated with varying 

concentrations of indigo carmine (0.1–0.5 mg/mL) in TM buffer at 37 °C 
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for 24 hours. Controls without dye were included. Phage titers were 

determined using droplet plaque assays after incubation. 

3.6.2. Fluorescence Correlation Spectroscopy (FCS) Binding 

Studies 

Fluorescence correlation spectroscopy (FCS) was used to assess 

binding interactions between indigo carmine and nucleic acids (dsDNA, 

ssDNA, ssRNA). Measurements were conducted using a Nikon Eclipse 

TE2000U confocal microscope with a PicoHarp 300 FCS unit. The 

diffusion coefficients were analyzed to determine dye binding affinity 

differences between DNA and RNA. 

3.7. Instrumentation 

• UV-Vis spectrophotometer: Evolution 220 (Thermo Scientific, 

USA) 

• DLS & zeta potential: Zetasizer Nano ZS (Malvern, UK) 

• SEM and STEM: Nova NanoSEM 450 (FEI, USA); Phenom XL 

(Thermo Fisher) 

• TEM: Tecnai Spirit BioTWIN (FEI) 

• XRD: PANalytical Empyrean (Malvern, UK) 

• XPS: CLAM2 (VG Microtech Ltd., UK) 

• Raman spectrometer: BRAVO (Bruker, Germany) 

• FTIR spectrometer: Vertex 80v (Bruker, USA) 

• NMR: Bruker 400 MHz 

• DSC: MicroCal VP-Capillary DSC (Malvern, UK) 

• Microplate reader: SpectraMax i3x (Molecular Devices, USA) 

• Shaker-incubator: ES-20 (Biosan, Latvia) 

• Ultrasonic bath: Polsonic, Poland 

• Autoclave: Prestige UK (Venus Michał Matuszczak, Poland) 

3.8. Statistical Analysis 

All experiments were conducted in triplicate unless stated otherwise. 

Statistical significance of differences between control and experimental 
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groups was determined using the unpaired two-tailed Student’s t-test. 

Results were considered significant at p < 0.05, p < 0.01, and p < 0.001. 

Error bars in all graphs represent standard deviations (SD). 
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CHAPTER 4 

Novel antimicrobials 
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4.1 Nanotechnology and bacteriophages 

Phages are notoriously difficult to eliminate, especially with standard 

cleaning routines and disinfectants, which are often ineffective against 

them [85]. Current strategies for phage inactivation, along with their 

limitations, are described in this thesis in section 1.3. New approaches 

are needed, and nanotechnology might answer this problem. 

Nanoscience is a field that influences multiple areas of research. 

It deals with objects having at least one geometrical dimension in the 

range from 1 to 100 nm. The inclusion of nanotechnology in biology has 

especially gained popularity in recent decades, encompassing multiple 

economic sectors [181]. Nanotechnology has contributed immensely to 

the developments in the food industry by providing effective avenues for 

energy conservation, sustainability, and cues to improve capital funds 

well [182]. Nanomaterial engineering is also a leading technology in 

developing crops for sustainable farming systems. A significant 

contribution was also witnessed in active and intelligent food packaging 

and food safety, resulting in the increased shelf life of food products, 

infrequent contamination, and enhanced quality. Most of these 

applications arise from the potential of nanomaterials to lead to qualitative 

and quantitative production of healthier, safer, and high-quality functional 

foods [183]. 

As nanomedicine, nanotechnology can be applied in diagnosing, 

monitoring, controlling, and treating biological systems [184]. 

Furthermore, nanomedicine includes fields like nanomachines, 

nanofibers, sensors, polymeric nano-bio materials, etc [185]. 

Nanomaterials are physically and chemically adjustable as nanocarriers, 

nano vaccines, cytokine storm suppressors, antiviral agents at the site of 
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infection, and viral antigens in body fluids [186]. Nanoparticles can also 

be essential for better understanding complex systems, such as the 

interaction between gut microbiota and SARS-CoV-2 [187]. The usage of 

organic or biological (e.g., proteins or nucleic acids [188]) components 

also makes nanoparticles perfect candidates for application in controlled 

drug delivery systems [189,190], bioimaging [191,192], biosensing [193], 

tissue regeneration [194], and antibacterial applications [195]. Such 

systems also exhibit biodegradability, non-toxicity, stability in circulation 

in the bloodstream, and the ability to permeate cell membranes 

effectively [194]. Despite advances in nanotechnology, man-made self-

assembling systems are relatively simple with limited functionalities [72]. 

The majority of virions fulfill the formal definition of a nanoparticle. 

Phages are biological nanomaterial that can be assembled into ordered 

nanostructured materials, laying the foundation for advancing 

nanobiotechnology [196]. Phages, alone or in combination with non-

biological nanomaterials, have been employed to develop new 

nanobiotechnologies for applications such as biosensing, drug and gene 

delivery, cancer therapy, vaccinations, tissue regeneration, antibacterial 

treatment, energy storage and generation, and higher-order materials 

assembly [197]. 

Nanotechnology is often applied to microbiology to tackle the 

growing concerns of contamination. The baggage of toxicity borne by 

nanomaterials can be mediated by their size, charge, and composition 

[152]. New biomedical applications have emerged with the growing 

advancements of nanotechnology linked with microbiology, especially 

with silver nanoparticles (AgNPs). Due to the broad spectrum of 

antibacterial, antifungal, and antiviral properties, AgNPs are popularly 

adopted as disinfectants and antimicrobial agents [198]. More than 500 

tons of nanoparticles per year are now supplied to meet different 

industries' demands, drawing attention to their biological activity, safety, 

and mechanism of action [199]. Experiments combining silver 

nanoparticles with bacteriophages have resulted in lower minimum 

inhibitory concentration (from 1.1% to 0.13%) and minimum bactericidal 

concentration (from 2.15% to 0.25%) as compared to silver nanoparticles 

alone [200]. Conversely, nanoparticles also aid the internalization of 
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bacteriophages in mammalian cells to target intracellular bacterial 

infections [201]. 

Additionally, silver nanoparticles were also employed to inactivate 

bacteriophages. Zero-valent silver nanoparticles, often referred to as 

biogenic silver, inactivated UZ1 bacteriophages (infecting Klebsiella 

aerogenes) from drinking water [202]. Some experiments with colloidal 

silver nanoparticles presented a complete inactivation of MS2 and T4 

bacteriophages, with a starting concentration of 103 PFU/mL [158]. 

Moreover, bacteriophage contaminations can also be detected by using 

silver nanoparticle-based inks [159]. Silver nanoparticles also had 

inhibitory effects on hepatitis B virus (HBV) and human 

immunodeficiency virus (HIV), with an unknown antiviral 

mechanism [203]. Other antiviral applications of silver include silver-

nanoparticle-decorated silica hybrid composites for water disinfection 

[160], to coat air filters [161,162], amine-functionalized glass substrate 

immobilized with silver nanoparticles [158], and silver-doped titanium 

dioxide nanoparticles [163] for drinking water treatment. Antiviral 

inactivation by silver nanoparticles is enhanced by impregnation with 

granular activated carbon (GAC) [154]. A coating of GAC modified with 

AgNPs on household filters resulted in 3 log reductions in PFU/mL of T4 

[164]. 

4.2 Silver Nanoparticles from Green Sources: The Role of Tea 

Extracts 

Another method of making nanoparticles more suitable for biomedical 

and environmental applications involves green synthesis, which utilizes 

eco-friendly and sustainable processes to minimize hazardous chemical 

use and reduce environmental impact. By incorporating natural extracts, 

such as plant-based compounds, this approach enhances the 

biocompatibility of nanoparticles while leveraging their natural reducing 

and stabilizing properties. 

My research hypothesis was that I would achieve an efficient anti-

bacteriophage agent by combining silver and tea extracts, both known 

for their antiviral properties. The antiviral activity of tea extracts has been 

demonstrated in various studies. For instance, a study highlighted that 
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Pu-erh ripe tea extract effectively inhibited HIV by preventing the fusion 

of normal cells with HIV-infected cells [204]. Another study confirmed the 

antiphage properties of tea extract combined with ferrous sulfate (TeaF) 

for four different phage strains, determining that while tea extract and 

FeSO4 individually can inactivate phages, their combination produces 

a highly potent antiphage solution [205]. Similarly, silver nanoparticles 

have exhibited antiviral efficacy against multiple viruses. A recent study 

demonstrated that silver nanoparticles possess antiviral activity against 

the H1N1 influenza virus, suggesting their potential as broad-spectrum 

antiviral agents [206]. These findings support the rationale for exploring 

the synergistic effects of silver nanoparticles synthesized with tea 

extracts as a novel antibacteriophage agent. 

4.2.1 TeaNPs characterization 

In this study, three popular tea varieties—black, green, and Pu-erh 

(red)—were used to synthesize silver nanoparticles (TeaNPs), where tea 

extracts acted as both reducing and capping agents. Characterization of 

TeaNPs revealed core sizes of 64 ± 17 nm for black tea (B-TeaNPs), 

61 ± 19 nm for green tea (G-TeaNPs), and 34 ± 7 nm for red tea (R-

TeaNPs). B-TeaNPs and G-TeaNPs displayed irregular shapes and 

polydisperse distributions, whereas R-TeaNPs were smaller, more 

uniform, and had a narrower size distribution (Figure 3a-f). 

The UV-Vis analysis revealed plasmonic peaks for G-TeaNPs at 

467 nm, B-TeaNPs at 485 nm, and R-TeaNPs at 490 nm, suggesting 

size-dependent optical properties (Figure 3g-i). Notably, R-TeaNPs had 

a larger plasmon resonance peak, inconsistent with SEM measurements, 

highlighting how particle shapes influence optical properties. BET 

analysis indicated that G-TeaNPs had the largest surface area (2.2495 ± 

0.1411 m²/g) despite not being the smallest, likely due to their irregular 

shapes. 

XRD revealed a face-centered cubic crystalline structure of 

metallic silver in all TeaNPs, with additional peaks at 28° in B-TeaNPs 

and R-TeaNPs, indicating silver oxide presence (Figure 3j-l). This was 

absent in G-TeaNPs, likely due to the antioxidative properties of 

catechins, which are particularly abundant in green tea. These findings 
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underline the influence of tea polyphenol content on the stability and 

properties of TeaNPs. 

FTIR confirmed the presence of functional groups, such as 

polysaccharides, polyphenols, and caffeine, in the tea extracts and 

TeaNPs. Notably, green tea extracts exhibited higher concentrations of 

polyphenols like epigallocatechin gallate (EGCG), which correlated with 

their superior antimicrobial potential. The UV-Vis spectra of TeaNPs 

showed peaks corresponding to catechins (270 nm) and their oxidized 

forms (350 nm) [207], with a shift toward oxidized moieties 

(Figure 3g- h). 
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Figure 3. The characterization of synthesized TeaNPs: SEM pictures of a) B-

TeaNPs, b) G-TeaNPs, and c) R-TeaNPs. Scale bars correspond to 500 nm. 

Size distributions of d) B-TeaNPs, e) G-TeaNPs, and f) R-TeaNPs; g) UV-Vis 

spectra of tea extracts, h) UV-Vis spectra of TeaNPS (the spectra were 

normalized ) i) DLS size estimation of TeaNPs. The XRD diffractograms of j) B-

TeaNPs, k) G-TeaNPs, and l) R-TeaNPs. Figure reproduced from Raza et al., 

'Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE 

bacteria and emerging fungal pathogens by using tea extracts,' Nanoscale 

Advances, 21(5), 2023, DOI: 10.1039/D3NA00220A , licensed under CC BY 

4.0. 

https://doi.org/10.1039/D3NA00220A


P a g e  | 48 

 

4.2.2 TeaNPs as antiphage agents 

After the green synthesis of silver nanoparticles to obtain black tea 

nanoparticles (B-TeaNPs), green tea nanoparticles (G-TeaNPs), and red 

tea nanoparticles (R-TeaNPs), their efficacy against bacteriophages was 

tested. Three model phages were selected for this study: T4, PAO1, and 

Phi6. T4 was chosen because it is one of the most abundant and well-

studied phages, with a morphology (tailed structure) representative of 

most known bacteriophages. PAO1, a phage infecting Pseudomonas 

aeruginosa, was selected due to its known resistance, making it an 

excellent model for evaluating treatments against difficult-to-inactivate 

phages. Phi6, a lipid-enveloped phage infecting Pseudomonas syringae, 

was included for its unique morphology. Unlike tailed phages, Phi 6 

possesses a lipid membrane surrounding its nucleocapsid, resembling 

the structure of some eukaryotic viruses. This diversity in phage models 

allowed us to evaluate the broad-spectrum antiphage potential of 

TeaNPs. 

 The antiphage experiment was performed by incubating each 

selected phage (T4, PAO1, and Phi 6) with TeaNPs at a concentration of 

1 mg/mL for 24 hours. Phage titers were measured to determine the 

extent of inactivation compared to untreated controls and a silver 

nanoparticle control (C-AgNPs, citrate-capped silver nanoparticles, 

synthesized without tea extracts). The results revealed no significant 

reduction in phage titers when treated with TeaNPs. The reductions in 

phage titers were not significant, with a reduction of only around 1 log, 

particularly in the case of the PAO1 phage. In contrast, the control silver 

nanoparticles (C-AgNPs), synthesized without tea extracts, showed 

minimal inactivation. As expected, the lower concentrations of the above 

nanoparticles also proved ineffective against bacteriophages (not 

shown). 
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Figure 4. Antiphage activity of black tea nanoparticles (B-TeaNPs), green tea 

nanoparticles (G-TeaNPs), and red tea nanoparticles (R-TeaNPs) against three 

model bacteriophages: T4 (infecting E. coli BL21), PAO1 (infecting P. 

aeruginosa), and Phi 6 (infecting P. syringae). Phage titers are presented as 

PFU/mL of surviving phages after incubation with TeaNPs at a concentration of 

1 mg/mL for 24 hours, compared to the control (untreated phages) and C-

AgNPs (citrate-capped Ag NPs). 

 

4.2.3 TeaNPs as antibacterial and antifungal agents 

Even though the nanoparticles did not exhibit significant activity against 

bacteriophages, it was hypothesized that they would still possess notable 

antimicrobial effects against bacterial strains. To this end, silver 

nanoparticles synthesized using tea extracts were evaluated against 

representative strains of Gram-negative bacteria (Escherichia coli) and 

Gram-positive bacteria (Enterococcus faecium). This evaluation was 

based on the known structural differences in the cell envelopes of Gram-

positive and Gram-negative bacteria, particularly the significant variation 

in the thickness of the peptidoglycan layer, which influences susceptibility 

to nanoparticles. Control experiments were conducted using citrate-

capped silver nanoparticles (C-AgNPs) synthesized without tea extracts 

to compare the effects. 

Antibacterial tests were performed using three concentrations of 

nanoparticles (1 mg/mL, 0.5 mg/mL, and 0.1 mg/mL), with bacteria 

exposed to the nanoparticles for three hours at room temperature under 
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stirring. The reduction in bacterial counts was assessed using the plating 

method. 

All TeaNPs displayed superior antibacterial activity compared to 

C-AgNPs, with 0.1 mg/mL selected for further experiments, allowing a 

comparative analysis of the antibacterial effects without causing total 

bacterial elimination. G-TeaNPs showed the most significant efficacy, 

reducing E. coli counts by approximately 80% compared to 20% by C-

AgNPs at the same concentration. 

The antibacterial potential of TeaNPs was further evaluated 

against ESKAPE pathogens: E. faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa, and Enterobacter cloacae. At 0.1 mg/mL, G-TeaNPs 

reduced bacterial counts by 60-90% for all strains except E. faecium, 

which showed a lower reduction of about 25%. Comparatively, C-AgNPs 

were less effective, with reductions ranging from 12% to 30%. Notably, 

incorporating tea extracts enhanced the efficacy of nanoparticles against 

both Gram-positive and Gram-negative bacteria. 

The observed differences in TeaNPs' efficacy against Gram-

positive and Gram-negative bacteria align with the structural 

characteristics of their cell walls. Gram-negative bacteria, with thinner 

peptidoglycan layers but protective lipopolysaccharides, were more 

susceptible to TeaNPs than Gram-positive bacteria, which have thicker 

peptidoglycan layers [208]. This discrepancy underscores the 

multifaceted antimicrobial mechanisms of TeaNPs, which may include 

direct nanoparticle penetration, silver ion release, and the delivery of 

polyphenolic compounds from the tea extracts. These results suggest 

a "poisoned arrow" mechanism, where the nanoparticles deliver both 

silver ions and bioactive compounds to target bacterial cells effectively. 
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Figure 5. a) Dose compensation of TeaNPs against Gram-positive (E. faecium) 

and Gram-negative (E. coli) bacteria with three concentrations: 0.1 mg/mL, 

0.5 mg/mL, and 1 mg/mL. b) Antibacterial effect of AgNPs (0.1 mg/ml) against 

the ESKAPE bacterial strains. The results were presented as a percentage of 

survival, * p < 0.05; ** p < 0.01; *** p < 0.001, p values were calculated with 

respect to the control sample (not exposed to any AgNPs). Figure reproduced 

from Raza et al., 'Enhancing the antimicrobial activity of silver nanoparticles 

against ESKAPE bacteria and emerging fungal pathogens by using tea 

extracts,' Nanoscale Advances, 21(5), 2023, DOI: 10.1039/D3NA00220A , 

licensed under CC BY 4.0. 

 

To further evaluate the effectiveness of TeaNPs compared to 

standard antibiotics, S. aureus and E. cloacae were exposed to ampicillin 

at two concentrations: the minimum inhibitory concentration (MIC, 0.01 

mg/mL) and 10× MIC (0.1 mg/mL), which matched the concentration of 

TeaNPs used in this study. These bacterial strains were selected for their 

susceptibility to ampicillin, while additional strains, including E. faecium, 

K. pneumoniae, A. baumannii, and P. aeruginosa, were included for their 

multidrug-resistant properties. 

The antibacterial activity of tea extracts alone was also assessed 

to determine the synergistic role of the metallic core and the natural 

capping layer in TeaNPs. Black, green, and red tea extracts were dried 

using a rotary evaporator and dissolved in 0.9% NaCl to a concentration 

of 0.1 mg/mL. S. aureus and E. cloacae were then incubated with these 

solutions for three hours. Results demonstrated negligible antibacterial 

https://doi.org/10.1039/D3NA00220A
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effects of tea extracts alone, as indicated by the lack of statistically 

significant changes in bacterial survival (Figure 6). 

 

Figure 6. The comparison of antibacterial activity of ampicillin (MIC and 10× 

MIC), C-AgNPs, G-TeaNPs, and tea extracts in the concentration of 0.1 mg/mL 

against A) S. aureus and B) E. cloacae. The results were presented as 

a percentage of survival, * p < 0.05; ** p < 0.01; *** p < 0.001, p values were 

calculated with respect to the control sample (not exposed to any AgNPs). 

Figure reproduced from Raza et al., 'Enhancing the antimicrobial activity of 

silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens 

by using tea extracts,' Nanoscale Advances, 21(5), 2023, DOI: 

10.1039/D3NA00220A , licensed under CC BY 4.0. 

 

To assess whether the addition of tea extracts during the synthesis 

of silver nanoparticles (AgNPs) is crucial for enhancing their antimicrobial 

activity, an experiment was conducted by mixing citrate-capped silver 

nanoparticles (C-AgNPs) with tea extracts (black tea, BT; green tea, GT; 

red tea, RT) post-synthesis (Figure 7). C-AgNPs (1 mg/mL) were 

combined with tea extracts (1 mg/mL in PBS buffer), diluted to a final 

concentration of 0.1 mg/mL, and tested against E. coli BL21 (~10⁵ 

CFU/mL). Controls included C-AgNPs alone, as well as pre-synthesized 

B-TeaNPs, G-TeaNPs, and R-TeaNPs at the same concentration. 

Adding tea extracts to C-AgNPs moderately enhanced their 

antibacterial activity, reducing E. coli survival from 80% to 60-65%. 

Among the mixtures, C-AgNPs with green tea extract (GT) showed 

slightly better performance (60% survival) compared to those with black 

tea (BT) or red tea (RT) extracts. However, TeaNPs synthesized directly 

https://doi.org/10.1039/D3NA00220A
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with tea extracts exhibited significantly greater antibacterial activity 

compared to C-AgNP mixtures. For instance, B-TeaNPs reduced survival 

to 45% compared to 65% in the C-AgNP+BT mixture, while G-TeaNPs 

reduced survival to 35% compared to 60% in the C-AgNP+GT mixture. 

This indicates that using tea extracts during AgNP synthesis yields 

superior antibacterial effects, likely due to synergistic or structural 

modifications during the synthesis process. Further studies are required 

to understand these phenomena. 

 

Figure 7. The comparison of antibacterial activity of citrate-capped silver 

nanoparticles (C-AgNPs), C-AgNPs mixed with tea extracts (BT, GT, RT) and 

adequate TeaNPs (B-TeaNPs, G-TeaNPs, R-TeaNPs) on E. coli. The results 

were presented as a percentage of survival, * p < 0.05; ** p < 0.01; *** p < 0.001, 

p values were calculated with respect to the control sample (not exposed to any 

AgNPs). 

 

Next, the green-synthesized tea nanoparticles were tested against 

fungal pathogens, given the growing concern over multidrug-resistant 

fungal infections and the limited availability of effective antifungal 

treatments. The antifungal potential of TeaNPs was tested against 

multiresistant strains of C. auris and C. neoformans. 

C. auris and C. neoformans were ideal model organisms for these 

experiments because they represent significant global health threats due 

to their multidrug resistance and high mortality rates in 

immunocompromised individuals [209–211]. Their differing pathogenic 

mechanisms and environmental adaptability provided a robust platform 
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to evaluate the antifungal efficacy and broad-spectrum potential of green-

synthesized tea nanoparticles. 

These experiments included citrate-capped AgNPs as a control 

and were performed at three concentrations: 1 mg/mL, 0.5 mg/mL, and 

0.1 mg/mL. Yeast suspensions were incubated with nanoparticles at 

room temperature for three hours, and changes in cell counts were 

recorded. 

TeaNPs, particularly G-TeaNPs, displayed significant antifungal 

activity. At a concentration of 0.5 mg/mL, G-TeaNPs reduced C. auris cell 

numbers by approximately 80%, while at 0.1 mg/mL, C. neoformans 

exhibited a reduction of around 90%. At the same concentration, C-

AgNPs showed small effectiveness, with a reduction of about 25% 

(Figure 8a). 

Control experiments confirmed that tea extracts alone did not 

exhibit antifungal properties. Interestingly, C. auris sometimes exhibited 

growth slightly above 100% in the presence of red tea extract, potentially 

due to the metabolism of extract components, which has been noted to 

facilitate biofilm formation in other Candida species (Figure 8b) [212]. 

The enhanced antifungal activity of TeaNPs highlights their 

potential as a therapeutic agent at lower concentrations. However, higher 

concentrations were necessary for C. auris than for C. neoformans, 

possibly due to the resistance mechanisms triggered by TeaNP 

exposure, akin to those induced by fungicidal drugs. A concentration of 

0.5 mg/mL was selected for reliable fungal inhibition across species. 

TeaNPs' antifungal mechanism likely involves disrupting cell 

envelope integrity, consistent with known AgNP activities, such as 

reactive oxygen species (ROS) generation, DNA replication interference, 

and increased membrane permeability [198]. The specific effectiveness 

of TeaNPs appears to correlate with the polyphenol content from the tea 

extracts [213], further supporting their "poisoned arrow" mechanism. 
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Figure 8. a) Dose compensation of TeaNPs against C. auris and C. neoformans 

with three concentrations: 0.1 mg/mL, 0.5 mg/mL, and 1 mg/mL. 

b) Antimicrobial activity of tea extracts (0.5 mg/mL) against C. auris and C. 

neoformans. The results were presented as a percentage of survival, * p < 0.05; 

** p < 0.01; *** p < 0.001, p values were calculated with respect to the control 

sample (not exposed to any AgNPs). Figure reproduced from Raza et al., 

'Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE 

bacteria and emerging fungal pathogens by using tea extracts,' Nanoscale 

Advances, 21(5), 2023, DOI: 10.1039/D3NA00220A , licensed under CC BY 

4.0. 

 

4.2.4 TeaNPs – bacteriophage cocktails 

TeaNPs were found to be safe for phages while exhibiting strong 

antibacterial activity - an outcome contrary to initial expectations. 

However, this unexpected result opened the possibility of utilizing 

TeaNP-phage combinations as innovative antibacterial agents. While 

antibiotic-phage cocktails are well-documented and extensively studied, 

research on phage-nanoparticle mixtures remains limited. This is 

primarily due to the challenge of designing nanostructures that selectively 

target bacteria while preserving phage viability. 

Combining bacteriophages with nanoparticles (phage–NP 

cocktails) has emerged as a promising strategy to enhance antimicrobial 

efficacy. Nanoparticles can facilitate the attachment of phages to 

bacterial surfaces, improve phage stability, and even help overcome 

bacterial resistance mechanisms. Recent studies, such as the work by 

https://doi.org/10.1039/D3NA00220A
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Golec et al., demonstrated that silver nanoparticles can boost phage 

infectivity and bacterial killing efficiency, highlighting the synergistic 

potential of these hybrid systems  [214]. Other research also shows that 

nanoparticles can protect phages from environmental stressors, 

prolonging their activity in challenging conditions [215]. Together, these 

findings provide a strong foundation for developing advanced phage–

nanoparticle systems for antibacterial applications. 

After confirming that the nanoparticles did not have any direct 

inactivating effect on phages, testing of phage-nanoparticle (phage-NP) 

cocktails was carried out using green tea silver nanoparticles. G-TeaNPs 

had previously been identified as the most effective against bacteria and 

fungi among a series of silver particles prepared with extracts from 

various teas. [216]. 

For the novel phage-NPs cocktails, S. enterica, one of the most 

frequently occurring foodborne pathogens (a Gram-negative bacterium), 

and a methicillin-resistant strain of S. aureus (MRSA, a Gram-positive 

bacterium) were selected. The efficacy of these combinations was 

assessed across a range of rates of infection (ROI, representing the ratio 

of phages to bacterial cells) and concentrations of nanoparticles. 

In Figure 9a, ROI = 1 was kept constant, but the concentration of G-

TeaNPs varied from 0.1 mg/mL to 0.0001 mg/mL. Figure 9b shows the 

results of experiments where the concentration of G-TeaNPs was 

constant (0.001 mg/mL), but ROIs varied from 1 to 100. 

Adding phages at an ROI = 10 or higher significantly enhanced 

antibacterial effects, allowing for a substantial reduction in the required 

working concentrations of G-TeaNPs. Specifically, with phages at ROI = 

10, the bacterial survival rate decreased to 10–20%, depending on the 

species, even when the concentration of G-TeaNPs was as low as 0.001 

mg/mL (1 µg/mL). In contrast, a similar efficacy with G-TeaNPs alone 

required a 100 times higher concentration (0.1 mg/mL). 
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Figure 9. a) Antibacterial activity of G-TeaNPs (0.1 mg/mL to 0.0001 mg/mL) in 

combination with bacteriophages (ROI = 1). b) Antibacterial efficacy of phage-

NPs cocktails ([G-TeaNPs] = 0.001 mg/mL) at ROIs ranging from 1 to 100. c) 

Survival of S. aureus (Gram-positive) and S. enterica (Gram-negative) after 

treatment with ampicillin (AMP) alone or in combination with bacteriophages at 

varying ROIs. 
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For comparison with commonly used phage-antibiotic cocktails, we 

tested the combined effects of bacteriophages and ampicillin (AMP) 

against S. aureus and S. enterica across various rates of infection 

(ROIs). The results showed that the AMP-phage combination was more 

effective against S. aureus (Figure 9d). Specifically, AMP alone reduced 

bacterial survival to approximately 60%, while adding phages further 

reduced survival to around 30% at ROI 10 and 25% at ROI 100.  

In the case of S. enterica, the impact of the AMP-phage 

combination was less pronounced but still significant. AMP alone 

decreased bacterial survival to approximately 75%. Adding phages 

reduced survival to around 70% (AMP + ROI 1) and 58% (AMP + ROI 

100). Notably, the phage-NPs cocktails at ROIs 10 and 100 achieved far 

greater reductions in survival, with bacterial survival rates dropping to 

approximately 10%. 

The overall efficacy of the AMP-phage combination was similar to 

or less than that of the phage-NPs cocktails. This might be crucial when 

fighting multidrug-resistant bacteria, where antibiotics are not efficient 

and novel agents are needed. We also underline that these results were 

obtained after only 3 h incubation. This study demonstrated the potential 

of green tea extract-capped silver nanoparticles (G-TeaNPs) as 

multifunctional agents, combining antimicrobial efficacy with broad 

biological applicability. 

4.3 Iron-based strategies for combatting bacteriophages 

In addition to silver, iron chemistry also provides a promising approach 

to combat bacteriophages, as their life cycle often exploits bacterial iron 

uptake mechanisms. The presence of Fe ions in phage tails, as 

suggested by the Ferrojan horse hypothesis, facilitates adsorption to 

bacterial cell receptors and subsequent lysis [217,218]. Fe ions present 

in the tails of bacteriophages assist in adsorption to the receptors of the 

host cells [218]. Iron-based compounds reduce phage titers through 

three primary mechanisms: (i) adsorption of virions onto nanoparticle 

surfaces [217], (ii) redox reactions [219], and (iii) the action of free iron 

ions [220]. 



P a g e  | 59 

 

 Iron hydroxides such as hematite (α-Fe2O3), goethite (α-FeOOH), 

magnetite (Fe₃O4), and amorphous iron (III) hydroxide (Fe(OH)3) exhibit 

similar virus adsorption capabilities. However, adsorption rates vary in 

the order FeOOH > Fe2O3 > Fe3O4 ≈ Fe(OH)3 [221]. Adsorption to 

hematite nanoparticles can reduce bacteriophage titers, such as MS2 

and rotavirus (RV), by up to 1.5 log within 45 minutes [222]. Iron oxide-

modified biosand filters enhance disinfection by adsorbing negatively 

charged virion particles onto positively charged iron oxides [223]. 

Additionally, nanoporous iron oxide ceramics eliminate viral 

contamination from water using ferroxane nanoparticles [224]. Batch 

reactors with iron granules have also demonstrated inactivation or 

irreversible adsorption of phages such as MS2 and φX174 [225]. 

The photocatalytic inactivation of bacteriophages is enhanced by 

ferrous sulfate via hydroxyl radical production in Fenton's reaction) [226]. 

Metal-catalyzed Fenton systems cause virus inactivation in natural 

systems and water treatment by complex oxidation processes [227–

229]Free iron ions released from iron-based disinfectants play a role in 

phage inactivation. At low concentrations, ferrous ions (Fe2+) 

demonstrate a linear relationship with bacteriophage inactivation, 

although higher doses may lead to limited decontamination due to 

flocculation[220]. For instance, Fe2+ ions alone (0.1 mM) inactivate up to 

1.5 log of MS2 phages, compared to 4 log inactivation achieved via the 

Fenton process [228]. Ferrous ions are particularly effective against f2 

phages due to their higher solubility compared to Fe3+ [219,230]. 

Recently, zero-valent iron (ZVI) has gained attention for its 

versatile mechanisms of bacteriophage inactivation, including 

adsorption, redox reactions (e.g., Fe(0) to Fe(II) and Fe(II) to Fe(III)), and 

release of free iron ions. The oxygen dependency of nZVI (nano-ZVI) is 

notable; for instance, f2 phages show a 5.1 log reduction when treated 

with nZVI [230,231]. nZVI's higher surface area, smaller size, and greater 

reactivity compared to larger particles enhance its effectiveness [231]. 

nZVI-containing columns also inactivate eukaryotic viruses like Aichi 

virus, Tulane virus, and murine norovirus [165,232]. 
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Surface passivation of nZVI can be mitigated by oxidants such as 

KMnO4, H2O2, or CrO4
2- , which enhance reactivity in water remediation 

[233]. Methods of improving the reactivity of nZVI include metal doping 

to produce bimetallic nanoparticles with Cu, Ni, or Ag that increase the 

dissolution of iron [234]. 

In this study, nZVI nanoparticles were synthesized using an 

unconventional method that excluded FeSO4 to simplify the post-reaction 

separation of anions [235]. The reduction of iron(III) chloride with sodium 

borohydride in an aqueous solution produced nZVI under patented 

conditions [236]. Scanning electron microscopy previously confirmed the 

sub-100 nm size of the synthesized nZVI particles [235]. The synthesis 

and purification of ZVI was executed by the team of Prof. Foltynowicz in 

Poznań. 

A comparison between reduced (pristine; ZVI) and oxidized ZVI 

(O ZVI) is shown in Figure 10a-b. Large aggregates were visible 

because powdered samples were used for sample preparation and not 

ZVI dispersed in the solvent. This was done to speed up the analysis and 

avoid unwanted oxidation of pristine ZVI. Both pristine and oxidized ZVI 

nanoparticles were similar in size and shape, but oxidation changed the 

surface features of the studied material. The surface of oxidized ZVI 

resembled macroscopic rust, as expected. 

Given the current knowledge of the antiviral properties of ZVI 

nanoparticles, and to evaluate their broad-spectrum potential against 

bacteriophages, anti-phage tests were conducted. An hourly analysis 

was performed to assess the effects of ZVI nanoparticles in three 

different oxidation states: native (reduced) ZVI, partially oxidized ZVI (PO 

ZVI), and fully oxidized ZVI (O ZVI), as shown in Figure 10c. Three forms 

of ZVI were selected to determine which mechanism of action, i.e., 

adsorption, redox reactions, or the effect of released iron ions, dominates 

in the inactivation of phages. Pristine ZVI can undergo redox reactions 

with viral components even in a degassed medium and inert atmosphere. 

For partially oxidized ZVI, exposure to air triggers redox reactions within 

the nanoparticles while also allowing the release of iron ions that create 

local environments conducive to phage inactivation. In contrast, fully 
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oxidized ZVI can release iron ions, but no redox reactions occur due to 

the complete oxidation of the nanoparticles. In all cases, adsorption of 

virions onto the ZVI particle surfaces is possible, which is also essential 

for redox reactions in pristine ZVI. 

 

Figure 10. SEM pictures of a) pristine (reduced) ZVI and b) oxidized ZVI 

(O ZVI). Scale bars correspond to 1 µm. C) Visual discrimination between ZVI, 

partially oxidized ZVI (PO ZVI), and oxidized ZVI (O ZVI). Figure reproduced 

from Raza et al., ‘The Effect of Zero-Valent Iron Nanoparticles (nZVI) on 

Bacteriophages,' Viruses, 14(867), 2022, DOI: 10.3390/v14050867, licensed 

under CC BY 4.0. 

 

To prepare the partially oxidized samples (PO ZVI), the ZVI suspension 

was exposed to air for exactly 2 minutes prior to the experiment. Fully 

oxidized samples (O ZVI) were obtained by allowing the ZVI suspension 

to oxidize completely through exposure to air for two days. The visual 

differences between ZVI, PO ZVI, and O ZVI are depicted in Figure 17c, 

highlighting the progressive changes in their appearance. 

 These three forms were selected to identify the dominant 

mechanism of action against phages, whether it be adsorption, redox 

reactions, or the effect of released ions. The samples were handled under 

controlled conditions throughout the experiment to maintain their 

respective oxidation states. Native ZVI samples were kept in an inert 

https://www.mdpi.com/1999-4915/14/5/867
https://www.mdpi.com/1999-4915/14/5/867
https://doi.org/10.3390/v14050867
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atmosphere, retaining their green color. In contrast, PO ZVI, exposed to 

air, transitioned from green to orange during the experiment, while O ZVI, 

which had already been fully oxidized, remained orange throughout. This 

setup ensured a clear distinction between the oxidation states and their 

corresponding antiviral mechanisms. 

 

Figure 11. PFU/mL calculation of bacteriophages in TM buffer, ZVI (0.1 

and 1 mg/mL), partially oxidized and M13 in the presence of Fe (II) 

(1 mg/mL 20 μg/mL and 2 μg/mL) and Fe (III) ions (1 mg/mL, 1 μg/mL 

and 0.1 μg/mL). Figure reproduced from Raza et al., ‘The Effect of Zero-Valent 

Iron Nanoparticles (nZVI) on Bacteriophages,' Viruses, 14(867), 2022, DOI: 

10.3390/v14050867, licensed under CC BY 4.0. 

 

https://www.mdpi.com/1999-4915/14/5/867
https://www.mdpi.com/1999-4915/14/5/867
https://doi.org/10.3390/v14050867
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During the experiments, no significant increase in phage inactivation was 

observed when the ZVI concentration was increased from 1 mg/mL to 10 

mg/mL, likely due to nanoparticle aggregation at higher concentrations. 

Additionally, no measurable antiviral effect was observed at lower ZVI 

concentrations, such as 0.01 mg/mL. This highlights the importance of 

optimizing ZVI concentrations to balance efficacy and stability during 

antiviral applications. 

The inactivation efficiency of ZVI nanoparticles against the 

selected bacteriophages followed the order: M13 > MS2 ≈ T4 > T7, with 

reductions of 7 log, 2 log, 1.5 log, and 0.5 log PFU/mL within the first 

6 hours, respectively (Figure 11). Notably, partially oxidized ZVI (PO 

ZVI) was the most effective against M13, while oxidized ZVI (O ZVI) 

demonstrated higher efficacy against T4 and MS2. In contrast, T7 

exhibited the highest resistance to all forms of ZVI. The slight decrease 

observed in the control samples for M13 was attributed to the mechanical 

agitation required to prevent nanoparticle sedimentation. 

To investigate the impact of free Fe2+ and Fe3+ ions on 

bacteriophages, phages were exposed to iron(II) chloride (FeCl2) and 

iron(III) chloride (FeCl3) solutions. Initially, a scenario was tested where 

all ZVI nanoparticles (1 mg/mL) were assumed to dissolve, resulting in 

an equivalent 1 mg/mL concentration of iron ions. To better reflect 

realistic environmental conditions, lower concentrations of released ions 

were approximated and tested: 20 μg/mL and 2 μg/mL for Fe2+ and 

1 μg/mL and 0.1 μg/mL for Fe3+. 

These concentrations were derived from literature data on the 

solubility of iron compounds. For example, at pH 7, approximately 250 

μM Fe²⁺ ions (139 μg/mL) are released from 0.7 mg/mL magnetite 

(Fe3O4) suspensions [237]. Additionally, the European Chemicals 

Agency (ECHA) reports that the concentration of dissolved iron ions in 

a 10 mg/mL Fe2O3 solution is typically below 1 μg/mL. These values, 

alongside other published solubility data [238], informed the chosen 

experimental concentrations. 

At realistic Fe2+ and Fe3+ ion concentrations, no significant effect 

on bacteriophage viability was observed after 6 hours of 
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incubation (Figure 11). However, at higher concentrations (1 mg/mL Fe2+ 

and Fe3+), significant phage inactivation occurred. Fe3+ ions 

demonstrated more pronounced antiviral activity, causing complete 

inactivation of T7, MS2, and M13 phages within minutes. In contrast, Fe2+ 

ions had minimal effects on T4 phages, though Fe3+ ions caused their 

complete inactivation. 

Interestingly, Fe3+ ions acted much faster against T4, M13, and T7 

compared to MS2, with T7 showing inactivation within approximately 30 

seconds of exposure. These findings suggest that while free iron ions can 

inactivate bacteriophages at high concentrations, their role in realistic 

environmental conditions appears negligible. Instead, localized 

interactions of ions released near ZVI particle surfaces may play a more 

prominent role in the observed antiviral mechanisms. 

To further investigate the long-term effects, phages were 

incubated with all three forms of ZVI for 48 hours under controlled 

conditions. Throughout the experiment, native ZVI retained its green 

color in an inert atmosphere, while PO ZVI gradually turned orange upon 

air exposure, and O ZVI remained consistently orange. After 48 hours, 

M13 was completely inactivated across all ZVI forms, reaching the 

detection limit (~25 PFU/mL), corresponding to a 7 log reduction 

Figure 12. 

In contrast, T7 displayed remarkable resistance, with reductions 

of only 80.4%, 66.6%, and 52.3% observed after exposure to ZVI, PO 

ZVI, and O ZVI, respectively. For MS2 and T4, O ZVI showed the highest 

inactivation, achieving between 99.99% and 99.92% reduction in titers. 

Prolonged incubation improved the efficacy of pristine ZVI against T4, 

increasing the reduction from 1 log to 5 log after 48 hours. However, no 

such improvement was observed for MS2, which remained at 

a consistent 1–2 log reduction. Interestingly, PO ZVI, despite limited 

activity against MS2 and T4 within the first 6 hours, achieved only a 

modest 2 log reduction after 48 hours. 

The observed antiviral activity of ZVI nanoparticles likely arises 

from three primary mechanisms: (a) redox processes, (b) the effect of 

released Fe2+ and Fe3+ ions, and (c) the adsorption of phages onto ZVI 
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surfaces. Experimental results indicated that the contribution of free iron 

ions in bulk solution was minimal, as realistic concentrations of Fe2+ and 

Fe3+ ions did not result in significant phage inactivation. However, 

localized environments at the ZVI surface, where higher ion 

concentrations and redox activity occur, could contribute to phage 

inactivation upon adsorption. This suggests that effective inactivation is 

restricted to virions adsorbed directly onto the ZVI surface. 

Additionally, experimental observations revealed that T7 phage 

likely does not efficiently adsorb onto ZVI surfaces, explaining its 

resistance across all ZVI forms. Previous studies by Armanious et al. 

have shown that phage adsorption properties vary significantly, even 

among morphologically similar phages, due to differences in capsid 

surface chemistry [239]. 

 

Figure 12. 48 h experiment of bacteriophages in the presence of ZVI, PO ZVI, 

and O ZVI, all at a concentration of 1 mg/mL. The squares on each bar 

represent the three biological repetitions, and the bar itself is the average. The 

initial concentration of the phages was around 107 PFU/mL in all cases. Figure 

modified from Raza et al., ‘The Effect of Zero-Valent Iron Nanoparticles (nZVI) 

on Bacteriophages,' Viruses, 14(867), 2022, DOI: 10.3390/v14050867, licensed 

under CC BY 4.0. 

 

In contrast, M13 phages exhibited high susceptibility across all ZVI 

forms, with PO ZVI showing slightly greater effectiveness. The precise 

mechanism remains unclear, as there is limited data on interactions 

between filamentous phages and ZVI nanoparticles. However, it is 

https://www.mdpi.com/1999-4915/14/5/867
https://www.mdpi.com/1999-4915/14/5/867
https://doi.org/10.3390/v14050867


P a g e  | 66 

 

hypothesized that the inactivation of M13 may result from direct contact 

with ZVI surfaces, as evidenced by the similarity in titer reduction 

dynamics across all forms of ZVI (Figure 12). 

Overall, these findings highlight the complex interplay of 

adsorption, redox reactions, and ion-mediated effects in determining the 

antiviral efficacy of ZVI nanoparticles against different bacteriophages. 

To gain insight into the morphological changes induced by ZVI 

nanoparticles, Transmission Electron Microscopy (TEM) was performed 

on partially oxidized ZVI (PO ZVI) and fully oxidized ZVI (O ZVI) samples 

(Figure 13). Pristine ZVI was excluded from TEM analysis due to its 

susceptibility to oxidation during sample preparation. Two phages - T4 

and M13 - were selected for visualization because they exhibited the 

most pronounced effects. 

In the case of T4 phages, exposure to O ZVI resulted in significant 

structural damage, with numerous tails detached from the virions (Figure 

13b) and capsids showing signs of structural disintegration (Figure 13c). 

These observations suggest that physical and possibly chemical 

interactions with O ZVI disrupted the phage structure. 

For M13 phages, STEM revealed an interesting phenomenon. 

Despite the phage titer being the same in control and experimental 

samples, fewer virions were observed in the supernatant of ZVI-treated 

samples (Figure 13e). This suggests that ZVI nanoparticles may have 

adsorbed to M13 virions, causing sedimentation of virus-nanoparticle 

aggregates. To confirm this, the samples were agitated, and subsequent 

imaging revealed a higher concentration of virions in freshly suspended 

samples, with clear associations between M13 filaments and ZVI 

particles (Figure 13f). 

These results point to two possible mechanisms for M13 phage 

inactivation: structural damage caused by direct interactions with ZVI 

nanoparticles and inhibition of phage functionality due to the adsorption 

of nanoparticles along the filament, potentially obstructing attachment to 

bacterial pili or interfering with capsomere function. 

To further validate these observations, phage recovery 

experiments were conducted using Tween 20, a surfactant with a strong 
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affinity for surfaces. No viable M13 virions were detected after recovery 

attempts, supporting the hypothesis that phage inactivation was not 

solely due to adsorption but also structural or functional damage. 

Additionally, the absence of a zone of inhibition around ZVI-treated 

samples suggests that immobilized phages remain inactive and cannot 

infect bacterial hosts. 

 

Figure 13. TEM visualization of bacteriophages. a) T4 bacteriophages in the 

absence of zero-valent iron. b), and c) T4 bacteriophages exposed to O ZVI. 

Inset in b) shows the detached tails, which were in abundance in the sample. 

d) M13 bacteriophages in the absence of zero-valent iron, e) Supernatant of the 

suspension containing only a small number of M13 virions, among which most 

were in contact with nZVI particles. f) STEM image of the freshly agitated 

suspension wherein nZVI and M13 appeared in close proximity. Figure 

reproduced from Raza et al., ‘The Effect of Zero-Valent Iron Nanoparticles 

(nZVI) on Bacteriophages,' Viruses, 14(867), 2022, DOI: 10.3390/v14050867, 

licensed under CC BY 4.0. 

 

4.5 Copper-based coating as antiviral and antimicrobial agents 

While silver and iron exhibit antimicrobial properties, as discussed earlier, 

it was time to explore another well-known metal, copper (Cu), renowned 

for its antiviral capabilities. Copper, copper ions, and copper-based 

nanostructures have demonstrated antiviral activity against various 

https://www.mdpi.com/1999-4915/14/5/867
https://www.mdpi.com/1999-4915/14/5/867
https://doi.org/10.3390/v14050867
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viruses, including poliovirus [240], Human Immunodeficiency Virus Type 

1 (HIV-1) [241], and West Nile Virus (WNV) [242]. Moreover, copper has 

been found to act synergistically with free chlorine, effectively inactivating 

bacteriophages such as MS2 [243], PhiX174, Phi6, and T7 [244]. Salah 

et al. highlighted the role of reactive oxygen species (ROS) generation 

and ion release from copper surfaces in virus inactivation, particularly 

against SARS-CoV-2, influenza A, and murine norovirus [245]. 

Electrodeposition is one of the oldest and environmentally friendly 

methods for producing nanostructured layers, mainly in the form of 

nanowires, nanotubes, or particles with well-defined facets [246–248]. 

Cu2O layers have been obtained using various electrolytes, surfactants, 

and pH adjustments [249], which significantly influence the grain 

morphology and packing structure. Polyhedral shapes and compact 

oxide layers have also been synthesized by complexing copper 

ions [250]. This methodology made it possible to modify the surface 

properties of Cu2O using additional agents directly. 

In this study, three different copper-based coatings were prepared 

by Dr Anna Kusior and her team in Kraków [251]: CuL, CuL-PVP, and 

CuL-D(+)G. All were synthesized under the same conditions, with CuL-

PVP supplemented with poly(vinylpolypyrrolidone) (PVP) and CuL-D(+)G 

with glucose. Although PVP adsorbs onto highly active surfaces (high-

index facets) [252], glucose serves to reduce or maintain low levels of 

elemental oxidation. 

Figure 14 shows SEM images of the copper oxide layers grown 

via electrochemical deposition. All samples consist of aligned, 

polyhedral-shaped crystals. The packing of these crystal-like particles 

varied depending on the surfactant agent used during synthesis. It is 

assumed that the large elongated polyhedral crystals grow above the 

CuL-D(+)G surface due to internal stresses that arise during the growth 

of crystal-like grains. 
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Figure 14. SEM images of the deposited (a) CuL, (b) CuL-PVP, and (c) CuL-

D(+)G copper oxide layers (top view and side view) with the cross-sectional 

microstructure EDS analysis. Figure reproduced from Kusior et al., ‘Copper 

Oxide Electrochemical Deposition to Create Antiviral and Antibacterial 

Nanocoatings,' Langmiur, 40(29), 2024, DOI: 10.1021/acs.langmuir.4c00642, 

licensed under CC BY 4.0. 

 

 The antiviral activity of CuL, CuL-PVP, and CuL-D(+)G coatings 

was tested against bacteriophages T4 and MS2. Results showed a 2.5–

3 log reduction in T4 titer for all coatings, with CuL-D(+)G performing 

slightly better (Figure 15a). For MS2, CuL reduced the phage titer by 2.5 

logs, while CuL-PVP and CuL-D(+)G caused a 5-log reduction, likely due 

to the additives used in their synthesis [90,155]. The antibacterial activity 

was evaluated against E. coli and S. aureus (Figure 15b). CuL caused 

https://doi.org/10.1021/acs.langmuir.4c00642
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a 1-log reduction in E. coli, while CuL-PVP reduced the titer by 2 logs, 

and CuL-D(+)G decreased it by 5 logs. For S. aureus, all materials 

showed similar activity with a 2.5 log decrease in bacterial titer. Non-

modified titanium did not show significant activity. CuL-D(+)G’s enhanced 

activity may be due to its unique morphology, with Cu(I) being more toxic 

to E. coli, particularly under anaerobic conditions, and potentially through 

a Fenton-like reaction that produces reactive oxygen species [253–255]. 

 

Figure 15. The evaluation of the biological activity of copper oxide 

nanocoatings. (a) The antiviral activity of CuL (KZ9), CuL-PVP (KZ11), and CuL-

D(+)G (KZ18) against T4 and MS2 bacteriophages. The results were presented 

as plaque-forming units per milliliter (PFU/mL). (b) The antibacterial activity 

CuL, CuL-PVP, and CuL-D(+)G against E. coli and S. aureus. The results were 

presented as colony-forming units per milliliter (CFU/mL). CM stands for control 

material, i.e., unmodified substrate, and control is the suspension of phages or 

bacteria without anything added to it. Statistical analysis was performed using 

Student`s t-test with respect to CM, * p < 0.05; ** p < 0.01; *** p < 0.001. Figure 

reproduced from Kusior et al., ‘Copper Oxide Electrochemical Deposition to 

Create Antiviral and Antibacterial Nanocoatings,' Langmiur, 40(29), 2024, DOI: 

10.1021/acs.langmuir.4c00642, licensed under CC BY 4.0. 

 

The findings of this study highlight the significant antiviral and 

antibacterial efficacy of copper oxide nanocoatings, particularly when 

modified with additives such as PVP and glucose. The coatings 

demonstrated potent activity against bacteriophages T4 and MS2, as well 

as representative strains of Gram-negative and Gram-positive bacteria 

(E. coli and S. aureus). CuL-D(+)G exhibited superior antiviral and 

https://doi.org/10.1021/acs.langmuir.4c00642
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antibacterial activity, which is attributed to its composition and 

morphology, including glucose presence and the formation of large 

polyhedral crystals rich in Cu2O. These findings suggest potential 

biomedical applications for the synthesized coatings due to their 

antimicrobial properties and tailored compositions. 

4.6 Chapter summary 

This chapter looks at how nanotechnology is used in different areas like 

food science, medicine, microbiology, and cleaning up the environment. 

Nanomaterials are useful in many ways—they help make food safer, 

improve packaging, and support eco-friendly farming. In medicine, they 

play a big role in better tests, targeted drug delivery, healing tissues, and 

fighting antibiotic-resistant bacteria. 

The use of silver nanoparticles (AgNPs) as antimicrobial agents is 

highlighted, particularly their application in addressing bacterial and viral 

contamination. AgNPs synthesized via green methods using natural tea 

extracts are shown to be effective against bacteria and fungi, offering 

a sustainable and eco-friendly alternative to chemical synthesis. Green-

synthesized tea nanoparticles (TeaNPs) displayed superior antibacterial 

and antifungal properties compared to citrate-capped AgNPs, with green 

tea nanoparticles (G-TeaNPs) emerging as the most effective variant. 

This is attributed to green tea's high polyphenol content, enhancing 

nanoparticle stability and bioactivity. 

Further advancements include the combination of bacteriophages 

with nanomaterials, particularly in the form of phage-TeaNP cocktails. 

These combinations leverage the synergistic effects of both phages and 

nanoparticles to enhance antimicrobial efficacy. The phage-TeaNP 

cocktails have demonstrated significant antiviral and antibacterial activity, 

providing a promising strategy for the treatment of bacterial infections. 

This chapter also examines iron-based strategies, including zero-

valent iron (ZVI) nanoparticles, for bacteriophage inactivation. ZVI 

nanoparticles exhibit diverse antiviral mechanisms, including redox 

reactions, ion release, and adsorption onto virions. Experiments 

demonstrated ZVI’s potential to inactivate a variety of bacteriophages, 

such as T4, T7, M13, and MS2, revealing differences in susceptibility 
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based on phage morphology and surface properties. Prolonged exposure 

to ZVI or oxidized ZVI effectively reduced phage titers, with adsorption 

and redox processes identified as key contributors to inactivation. 

Lastly, copper oxide nanocoatings, including CuL, CuL-PVP, and 

CuL-D(+)G, present another powerful approach for antiviral and 

antibacterial applications. These copper-based coatings demonstrate 

strong antimicrobial properties, particularly against bacteriophages like 

T4 and MS2, as well as bacteria such as E. coli and S. aureus. The 

addition of PVP and glucose during the synthesis of the coatings 

enhances their activity, with CuL-D(+)G exhibiting superior performance. 

The combination of copper nanocoatings with other antimicrobial agents 

opens new avenues for sustainable and effective pathogen control. 

In conclusion, this chapter highlights the role of nanotechnology in 

microbiology. While nanoparticles bear a load of toxicity, which can be 

mitigated by fine-tuning their size, charge, and composition [152]. Silver 

nanoparticles (AgNPs) remain among the most widely used disinfectants 

due to their broad-spectrum activity against bacteria, fungi, and viruses; 

however, other metallic nanoparticles are increasingly gaining attention. 

Nanoparticles offer advantages over conventional antimicrobials by 

evading bacterial resistance mechanisms, although reports of emerging 

nanoparticle resistance are beginning to appear. Their antimicrobial 

actions involve cellular uptake, contact killing, ion release, and 

mechanical stress. In some circumstances, combining bacteriophages 

with nanostructures might, on the other hand, enhance antibacterial 

effects [200,256], as demonstrated in this chapter. In particular, green 

tea-synthesized silver nanoparticles (G-TeaNPs) showed strong 

antibacterial and antifungal activities but limited antiviral properties, 

suggesting their potential use in combination therapies with 

bacteriophages. However, achieving selective inactivation of virions 

without harming bacterial or mammalian cells remains a significant 

challenge. Most antiviral agents, including copper-based structures 

discussed here, also exhibit antibacterial activity, complicating efforts to 

design truly selective antiviral strategies. This underscores the need for 

continued innovation in developing highly specific and safe antimicrobial 

materials.  
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CHAPTER 5 

Naturally selective antiviral compounds 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parts of this chapter were previously presented as: 

Raza, S., Bończak, B., Atamas, N., Karpińska, A., Ratajczyk, T., Łoś, M., 

Hołyst, R., & Paczesny, J. (2025). The activity of indigo carmine against 

bacteriophages: an edible antiphage agent. Applied Microbiology and 

Biotechnology, 109(24), Springer. https://doi.org/10.1007/s00253-025-
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Chapter acknowledgement: TEM images presented in this chapter 

were obtained by Marcin Łoś. FCS analysis was performed by Aneta 

Karpińska. 

5.1 Use of natural compounds against phages 

Phage infections necessitate proper disinfection of facilities. Even a low 

number of survivor phages can cause recurring infections [25]. It is 

important to note that some phages can resist extreme conditions, such 

as being heated at 90 °C for 15 minutes or, in some cases, even boiling 

[87]. Several physical factors, such as temperature, the acidity of the 

environment, UVC irradiation or salinity, and ions, were individually 

explored to determine the survivability of bacteriophages under harsh 

conditions [257–259]. It was also found that phages are highly resilient 

against most physical factors. Moreover, radiation-based methods face 

significant difficulties due to hindered penetration into cloudy media or 

tight spaces within the biofoundries [260]. Another means of fighting 

phage infections is the utilization of specific chemical agents. For 

instance, Virkon S, which contains potassium monopersulphate as its 

primary active ingredient, has strong antiphage and bactericidal 

properties [261]. However, these compounds are usually very toxic to 

humans and the environment and might cause corrosion on surfaces and 

damage to equipment. Another effective method for inactivating phages 

is the use of quaternary ammonium compounds (QACs), which are active 

ingredients in over 200 disinfectants recommended by the U.S. EPA for 

inactivating SARS-CoV-2 [262]. 

Research on antiphagents is still in its early stages, with limited 

advancements in technologies designed to deactivate phages within an 

active bioreactor, such as anti-phage nanoparticles [157,263]. 

Developing a method for bacteriophage inactivation remains challenging, 

as it must be safe for bacteria, humans, and the environment, cost-

effective (unlike gold nanoparticles, as noted by Richter et al. [157]), and 

easy to implement. This challenge has driven researchers back to nature, 

seeking naturally occurring compounds with effective anti-bacteriophage 

properties. In the past, several food dyes have been tested against the 

activity of some viruses. Indigo is confirmed to have anti-inflammatory, 
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antioxidant, and antiviral properties [264,265]. Native Americans also 

exploited Isatis indigotica for its anti-microbial activity, especially in the 

oral cavity [266]. Experiments with extracts of Isatis tinctora against the 

Japanese Encephalitis Virus (JEV) demonstrated the potential virucidal 

properties of the herb and its ability to inhibit viral attachment [267]. 

Lignans extracted from the root of this herb have also shown some anti-

influenza properties [268]. Inhibition of viral replication can also be 

achieved by a 3,2’-bisindole isomer of indigo-indirubin [269]. Due to the 

COVID-19 pandemic, the antiviral activity of numerous herbs and natural 

compounds has been revisited [270]. Experiments performed with Indigo 

naturalis tone down the detrimental effects of coronavirus on the 

lungs [264]. 

5.2 The effect of IC on T4 

In the past, several food dyes have been tested against the activity of 

some viruses. In the following study, the influence of temperature on the 

efficacy of indigo carmine (IC) was examined. Similar to previous studies 

on antiphagents, the activity of IC increased with an increase in 

temperature. At 50 °C, IC (2 mg/mL) caused a 2 log reduction in the T4 

phage titer after approximately 12 hours, leading to complete inactivation 

(titer below the detection limit, i.e., more than 6 log reduction) after 

overnight incubation. In comparison, at 37 °C, IC caused only a 1 log 

reduction in PFU/mL (Figure 16a). It is worth noting that elevated 

temperatures alone (control samples) also contributed to a decrease in 

the phage titer, with final titers after 24 hours being approximately 3.65 × 

105 PFU/mL at 50 °C versus 2 × 106  PFU/mL at 37 °C.  

Bacteriophages were further exposed to IC across a range of 

temperatures (4 °C to 55 °C) for 24 hours before titration (Figure 16b). 

Prolonged exposure confirmed that IC activity improved with increasing 

temperature, achieving complete inactivation at 50 °C, and above. 

To further determine the optimal parameters, T4 phages were 

incubated with IC at concentrations ranging from 10-4 mg/mL to 100 

mg/mL at 50 °C for 24 hours (Figure 16c). Additionally, the effect of 

mixing the sample during the incubation was also compared. 

Approximately a 1 log reduction was observed at 0.1 mg/mL, while 
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complete inactivation required a minimum concentration of 0.5 mg/mL. 

The optimal conditions for IC’s antiphage activity were identified as 

a temperature of 50 °C, an IC concentration of at least 0.5 mg/mL, mixing 

at 220 rpm, and an initial phage titer not exceeding 107 PFU/mL, ensuring 

maximum deactivation within 24 hours. 

To gain insights into the mechanism of IC's action, phage titers 

were compared under the following conditions: phages incubated alone 

for 12 hours at 50 °C, IC incubated for 12 hours at 50 °C with phages 

added 5 minutes before titration, phages incubated for 12 hours at 50 °C 

with pristine IC added 5 minutes before titration, IC and T4 phages 

incubated together for 12 hours at 50 °C, and IC and T4 phages 

incubated separately for 12 hours at 50 °C, then mixed and titrated. This 

approach aimed to determine whether IC decomposition (expected in the 

second sample) or capsid structural changes due to elevated 

temperature (expected in the third sample) played a critical role in phage 

inactivation. The results indicated that the decrease in phage titer 

occurred only when IC was incubated with T4 from the beginning of the 

experiment (fourth sample), as shown in Figure 16d. 
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Figure 16. (a) Analysis of T4 titer at 37 °C and 50 °C in the presence and 

absence of indigo carmine. The concentration of IC was 2 mg/mL. (b) 

Experimental efficiency of IС against T4 bacteriophage at temperatures varying 

from 4 °C to 55 °C. The phage samples were incubated with IC for 24 hours 

before performing titration. (c) Effect of mixing (220 rpm) on antiphage activity 

of indigo carmine against T4 bacteriophages at 50 °C. The marked p-values 

(stars) correspond to the statistical difference between IC concentrations of 10-

1 mg/mL. (d) The panel aims to establish the root cause of inactivation. Five 

different samples (left to right) were incubated at 50 °C (no mixing) and titrated 

as follows: control sample with only phages in TM buffer (no IC), IC only 

incubation followed by addition of phages just before titration, phage only 

incubation followed by addition of IC just before titration, incubation of IC and 

phages together followed by titration and separate incubation of IC and phages 

followed by combining them and immediate titration. Figure reproduced from 

Raza et al., ‘The activity of indigo carmine against bacteriophages: an edible 

antiphage agent,' Applied Microbiology and Biotechnology, 109(1), 2025, DOI: 

10.1007/s00253-025-13414-4, licensed under CC BY 4.0. 

https://link.springer.com/article/10.1007/s00253-025-13414-4
https://link.springer.com/article/10.1007/s00253-025-13414-4
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5.3 Evaluation of IC action against T4 

Indigo carmine’s mechanism of action was further investigated from the 

perspective of virions under specific conditions (0.5 mg/mL, 50 °C, 24 

hours, mixing at 220 rpm). Transmission electron microscopy (TEM) was 

employed to visualize the structural differences in T4 virions before and 

after treatment with indigo carmine (Figure 17). 

The results showed that indigo carmine caused contraction of the 

tail sheath in the majority of observed virions (Figure 17b). This 

contraction is typically associated with driving the tail tube through the 

bacterial outer membrane during host cell attachment [271]. Importantly, 

tail sheath contraction is irreversible. Additionally, changes in capsid 

morphology were noted, including a rounded shape and DNA ejection in 

some particles (Figure 17d, and 17c, respectively). 

In contrast, in the absence of indigo carmine, the bacteriophage 

structure remained intact, even at an elevated temperature. These 

findings highlight the structural impact of indigo carmine on T4 virions 

(Figure 17a). 

 

Figure 17. TEM of T4 bacteriophages in TM buffer (a) and in indigo carmine 

solution (0.5 mg/mL) after incubation at 50 °C for 24 h (b-d). The blue arrows in 

the images highlight the contracted sheath, release of DNA, and the tube post-

tail contraction, respectively. The bar corresponds to 100 nm. Figure 

reproduced from Raza et al., ‘The activity of indigo carmine against 

bacteriophages: an edible antiphage agent,' Applied Microbiology and 

Biotechnology, 109(1), 2025, DOI: 10.1007/s00253-025-13414-4, licensed 

under CC BY 4.0. 

 

https://link.springer.com/article/10.1007/s00253-025-13414-4
https://link.springer.com/article/10.1007/s00253-025-13414-4
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5.4 Broad-spectrum effect of IC 

The half-maximal effective concentration (EC50) of indigo carmine (IC) 

was determined at 50 °C after 24 hours of incubation for a range of 

bacteriophages, including T4, T1, T7, MS2, λ, and P001 (Figure 18). The 

EC50 values were calculated by fitting the data to the Hill equation [272] 

and were normalized to account for differences in the initial 

concentrations of each phage. 

 

Figure 18. Hills curves showing the effect of indigo carmine (50 °C, 24 h, no 

mixing) on different phages – T4 (a), T7 (b), T1 (c), λ (d), P001 phage (e), and 

(f) MS2. Figure reproduced from Raza et al., ‘The activity of indigo carmine 

against bacteriophages: an edible antiphage agent,' Applied Microbiology and 

Biotechnology, 109(1), 2025, DOI: 10.1007/s00253-025-13414-4, licensed 

under CC BY 4.0. 

 

The recalculated EC50 values revealed that 4.03 × 1014 molecules 

of IC were required per T4 phage (approximately 0.105 mg/mL, with an 

initial titer of ~4 × 105 PFU/mL), 8.91 × 1014 molecules per T7 phage 

(around 0.007 mg/mL, initial titer ~6 × 104 PFU/mL), 1.77 × 1017 

molecules per T1 phage (around 0.102 mg/mL, initial titer ~4 × 10³ 

PFU/mL), 4.3 × 1013 molecules per λ phage (around 0.006 mg/mL, initial 

titer ~9 × 106 PFU/mL), and 2.65 × 1015 molecules per P001 phage 

https://link.springer.com/article/10.1007/s00253-025-13414-4
https://link.springer.com/article/10.1007/s00253-025-13414-4
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(around 0.109 mg/mL, initial titer ~4 × 105 PFU/mL). Interestingly, indigo 

carmine was ineffective against MS2 phages (Figure 18f). 

It was further observed that at higher phage titers (above ~109 

PFU/mL), a concentration of 0.5 mg/mL IC was insufficient to achieve 

complete deactivation of phages. These findings highlight the broad-

spectrum efficacy of IC against multiple phages, with its effectiveness 

influenced by both the initial phage titer and specific phage properties. 

5.5 IC interactions with DNA and RNA 

To explain the ineffectiveness of IC against MS2, the hypothesis that this 

was solely due to differences in morphology was rejected, as the tested 

bacteriophages represented a broad range of families and even orders. 

Instead, it was hypothesized that the observed difference stemmed from 

the fact that MS2 is an RNA phage, while all other tested phages were 

DNA phages. It is known that small molecules, such as dyes used for 

phage staining [273], can penetrate the capsid and bind to the stored 

genetic material. 

Fluorescence correlation spectroscopy (FCS) measurements 

were conducted with the support of collaborators (Aneta Magiera, de 

domo Karpińska) to verify whether IC interacts differently with RNA and 

DNA. IC, which fluoresces at 528 nm upon irradiation at 488 nm [274], 

was tracked to assess binding behavior. First, the diffusion coefficient 

and hydrodynamic radius of free IC were determined (Figure 19a). These 

values were then compared to those obtained after incubating IC with 

dsDNA, ssDNA, and ssRNA (Figure 19b–d). The autocorrelation curves 

were fitted using a one-component normal diffusion model, and the 

results are summarized in Table 1. 

A clear decrease in the diffusion coefficient and an increase in the 

hydrodynamic radius were observed exclusively in samples containing 

dsDNA, indicating selective binding of IC to double-stranded DNA rather 

than to RNA or single-stranded DNA. 

Table 1. Diffusion coefficients and hydrodynamic radii were obtained for free 

indigo carmine dye, DNA-enriched IC solution, and RNA-enriched solution (the 

RNA radius ≈ 57 nm [275], the DNA radius ≈ 1 nm). 
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5.6 Application of IC in industry 

To evaluate the applicability of indigo carmine (IC) in biobased industries, 

an experiment was designed to simulate a bioreactor environment facing 

phage contamination. Bioreactors are essential for large-scale bacterial 

cultures used in biotechnology, where phage infections can disrupt 

production processes and lead to significant economic losses. Thus, 

assessing IC's ability to protect bacterial cultures under realistic growth 

conditions, such as temperature, agitation, and nutrient availability, 

becomes crucial. Additionally, ensuring that IC does not interfere with 

bacterial viability or protein production is key to its practical 

implementation in industrial settings. 

The experiments were executed in optimal conditions for bacterial 

growth, i.e., in LB medium, at 37 °C, and 220 rpm. We analyzed the 

number of viable bacteria in the LB medium and the LB medium 

containing IC. Next, we spiked the samples with the same number of T4 

virions (final concentration of 103 PFU/mL). The addition of IC resulted in 

a small decrease in the concentration of bacteria (from around 4 × 109 

CFU/mL to 9.8 × 108 CFU/mL). The number of bacterial cells decreased 

upon spiking the culture with T4 phages by around 6 log (from around 

4 × 109 CFU/mL to 7 × 103 CFU/mL). However, when IC was present in 

the medium before the addition of T4, E. coli was protected. There was 

no statistically significant difference in the number of viable E. coli cells 

between samples containing IC and IC along with T4 (p > 0.05). The 

results are presented in Figure 19a. 

Probe Diffusion coefficient [µm2/s] Hydrodynamic radius [nm] 

IC 475.20 ± 42.87 0.51 ± 0.05 

IC + dsDNA 304.08 ± 30.21 0.79 ± 0.08 

IC + RNA 445.32 ± 47.78 0.54 ± 0.06 

IC + ssDNA 476.39 ± 68.61 0.50 ± 0.07 
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To ensure the industrial applicability of indigo carmine (IC), it is essential 

to confirm that its presence does not interfere with bacterial metabolic 

processes, such as protein production. A comparative study was 

conducted to analyze green fluorescent protein (GFP) induction in E. coli 

cultures with and without IC. Figure 19b shows a comparative study of 

green fluorescent protein (GFP) induction in E. coli in the absence 

(control) and presence of indigo carmine. It was observed that the 

addition of IC to an E. coli culture did not impact the overexpression of 

the example protein (GFP), as the overall production of GFP was 

comparable to that of the control (without IC). 

 

Figure 19. (a) Establishing the potential of IC as an antiphage agent by 

letting E. coli grow in the presence of both IC and T4 bacteriophages at 

37 °C for 6 h. The panel shows the individual effects of IC and T4 on 

E. coli. IC protects E. coli from T4 infection. (b) A comparison of GFP 

expression in E. coli in the absence and presence of IC. to determine the 

possible effects of IC on protein expression by bacterial cells. There were 

no statistically significant differences between the samples. Figure 

reproduced from Raza et al., ‘The activity of indigo carmine against 

bacteriophages: an edible antiphage agent,' Applied Microbiology and 

Biotechnology, 109(1), 2025, DOI: 10.1007/s00253-025-13414-4, licensed 

under CC BY 4.0. 

https://link.springer.com/article/10.1007/s00253-025-13414-4
https://link.springer.com/article/10.1007/s00253-025-13414-4
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5.7 Effect of IC over time 

The efficiency of indigo carmine (IC) in inactivating T4 bacteriophages 

was observed to vary with the progressive color changes of the dye 

during its degradation. Indigo carmine naturally undergoes color 

transitions from blue to green, yellow, and eventually colorless, which 

corresponds to its chemical decomposition over time. From existing 

literature, key intermediates formed during indigo carmine (IC) 

degradation have been identified, including isatin and isatin-5-sulfonic 

acid (Figure 21a). These compounds were proposed as potential 

contributors to the antiphage activity observed during the decomposition 

of IC, especially during the green stage, when maximum inactivation was 

recorded. To determine whether these intermediates exhibit greater or 

lesser efficacy compared to IC, their effects on T4 bacteriophages were 

tested. 

Phage inactivation tests were performed after a 12-hour 

incubation at 50 °C using indigo carmine solutions at different stages of 

this degradation process. A freshly prepared solution (blue) exhibited 

significant activity, causing a 2.5 log reduction in T4 phage titer. 

Interestingly, the green solution, sampled on Day 25, demonstrated 

enhanced efficacy, reducing the phage titer by 3.5 log, suggesting that 

intermediate degradation products might possess heightened antiphage 

activity (Figure 20b). 

However, as the solution continued to degrade, turning yellow by 

Day 53, its ability to inactivate phages diminished substantially. By Day 

82, no measurable phage inactivation was observed when the solution 

became colorless, indicating a complete loss of antimicrobial efficacy. 

The photograph (Figure 20a) visually represents the stages of 

indigo carmine degradation, progressing from the vibrant blue of the fresh 

solution to the green, yellow, and ultimately clear colorless stages. The 

accompanying graph (Figure 20b) quantifies the corresponding phage 

inactivation levels, highlighting the peak efficacy during the green stage 

(Day 25) and the progressive decline as the dye further degrades. These 

findings suggest that the degradation state of indigo carmine significantly 

impacts its ability to inactivate bacteriophages and point to the potential 
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role of intermediate degradation products in enhancing its antiphage 

activity. 

 

Figure 20. The activity of indigo carmine and its different stages against T4 

bacteriophages. A blue solution of indigo carmine (freshly prepared, Day 1) 

causes a titer reduction of 2.5 log after an incubation of 12h at 50 °C. An 

intermediate green solution reduced phage titer at a higher efficiency by 3.5 logs 

when incubated at 50 °C for 12h. The yellow and colorless solutions, however, 

do not cause the inactivation of T4 bacteriophages. 

 

The intermediates of the IC degradation, isatin and isatin-5-

sulfonic acid [276], were incubated with T4 phages to assess their 

capacity to reduce phage titers. This analysis was crucial for pinpointing 

whether these compounds played a significant role in the heightened 

activity observed during the degradation process of IC or if other factors 

were responsible. The experiment was performed as above, with 24-hour 

incubation with the test compounds at 50 °C. 

However, experimental results indicated that neither isatin nor 

isatin-5-sulfonic acid exhibited any inactivating effect on bacteriophages. 

The phage titer in these treatments remained comparable to the control, 

showing no statistically significant reduction (Figure 21b). These findings 

suggest that the heightened antiphage activity observed during the green 

stage of IC degradation is unlikely to be directly attributable to these 

intermediates alone. 
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The results underscore the complexity of IC's decomposition 

process and point to the involvement of other intermediate products or 

synergistic effects that may contribute to its activity. This highlights the 

need for further investigation into the detailed mechanisms and products 

responsible for IC's antiphage properties. 

 

Figure 21. (a) Previously identified intermediates that form upon the 

degradation of indigo carmine [277,278]. (b) Effect of indigo carmine 

degradation intermediates (isatin and isatin-5-sulfonic acid) on T4 

bacteriophages. The phages were incubated with the compounds at 50 °C for 

24 hours. The starting phage titer was around 107 PFU/mL 

 

Next, some of the most common FDA-approved food dyes, green 

(E140), yellow (E100), red (E120), and blue (E132), were selected for 

testing. The bacteriophages were incubated with food dyes at 50 °C for 

24 hours. In Figure 23, it was observed that while green, yellow, and red 

dyes were ineffective against T4 bacteriophages, blue dye (indigo 

carmine, IC) caused complete inactivation. This result provided a starting 

point for further studying the effect of indigo carmine against phages. 
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Figure 22. Effect of FDA-approved food dyes on T4 bacteriophages. The 

bacteriophages were incubated with green (E140), yellow (E100), red (E120), 

and IC (E132) dyes at 50 °C for 24 hours. PFU/mL values indicate the remaining 

phage infectivity after treatment. 

 

5.8 Chapter summary 

Recent advancements in molecular biology and biotechnology have 

unveiled the immense potential of microorganisms for industrial 

applications. Microbes, such as bacteria and yeast, are now essential for 

producing food, biofertilizers, pharmaceuticals, and treating diseases. 

The global market for microbial-origin pharmaceuticals exceeds $13 

billion annually, emphasizing their critical role in various industries. 

Research into the gut microbiome further highlights the symbiotic 

relationship between humans and bacteria, underscoring the value of 

these microbial allies. 

However, bacteriophages pose significant threats to industrial 

processes. Phage infections can devastate bacterial cultures, causing 

product losses in industries like dairy and biofoundries, where 

contamination rates are high. Despite preventive measures, including 

facility disinfection, protocol optimization, and bacterial strain 

engineering, phages remain highly resilient, with some surviving extreme 

conditions like boiling or irradiation. Existing countermeasures, such as 
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toxic disinfectants (e.g., quaternary ammonium compounds) or 

expensive nanoparticles, often fall short due to environmental concerns, 

high costs, or damage to equipment and bacterial cultures. 

In this context, indigo carmine (IC), an FDA-approved food dye, 

has shown promising antiphage activity. In experiments, IC effectively 

inactivated the T4 bacteriophage, a model organism due to its structural 

similarity to most phages. Elevated temperatures (50 °C) enhanced IC’s 

efficacy, with optimal conditions requiring a concentration of at least 0.5 

mg/mL and an initial phage titer of ≤107 PFU/mL. Mechanistic studies 

revealed that IC disrupts phage capsids and induces irreversible tail 

sheath contraction, rendering them inactive. 

IC also demonstrated broad-spectrum activity against other DNA 

phages (e.g., T1, T7, λ, and P001) but was ineffective against RNA 

phages like MS2, likely due to its preferential binding to DNA over RNA. 

Interestingly, IC’s antiphage activity peaked during its intermediate 

degradation stage, characterized by a green solution, while advanced 

degradation products (e.g., isatin) showed no efficacy. IC did not hinder 

bacterial growth or protein expression, making it a promising candidate 

for safeguarding industrial bacterial cultures without adverse effects. 

These findings underscore IC's potential as an inexpensive, safe, and 

environmentally friendly antiphage agent, paving the way for innovative 

solutions to combat phage-related challenges in biotechnology. 

These findings highlight the potential of IC as an inexpensive, 

safe, and environmentally friendly antiphage agent. Importantly, IC 

demonstrated selective inactivation of bacteriophages without harming 

bacterial hosts, offering proof that naturally occurring compounds can 

achieve targeted antiviral effects. This observation represents a key 

milestone in the broader narrative of this thesis: establishing that 

selective antimicrobial strategies are possible and can be further 

optimized. 

Building on this foundation, the next chapter explores how 

principles of molecular recognition, particularly through engineered 

surface charge interactions, can be harnessed to develop advanced 

nanomaterials with even greater selectivity. By moving from natural 
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selectivity, as exemplified by IC, toward rationally designed systems, the 

thesis aims to define a path toward safe, efficient, and highly targeted 

antimicrobial technologies. 
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Chapter 6 

Engineered selectivity through charge-based interactions 
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Chapter acknowledgement: The mixed-charge nanoparticles were 

synthesized and characterized by Pumza Mente. NMR analysis was 

carried out by Bartłomiej Bonczak and Pumza Mente, while the STEM 

image was provided by Witold Adamkiewicz. Polypyrrole (PPy) 

nanoparticles were synthesized by Dominik Korol under the supervision 

of Piyush Sharma. TEM images used in this chapter were obtained by 

Marcin Łoś. 

6.1 Mixed charge surfaces and their application in biology 

The application of nanotechnology in combating microbial infections has 

witnessed transformative advancements in recent years, driven by the 

unique physicochemical properties of nanoparticles (NPs). Among 

various approaches, mixed-charge nanoparticles (MLNPs) have 

emerged as a powerful platform for developing selective antimicrobial 

agents. These nanoparticles, characterized by their surface 

functionalization with both positive (cationic) and negative (anionic) 

ligands, offer precise control over surface charge distribution, enabling 

targeted interactions with bacterial cells and bacteriophages. Such 

selective targeting is particularly important in biotechnological and 

medical settings, where the elimination of phages is necessary without 

disrupting beneficial bacterial populations. 

Grzybowski et al. have previously demonstrated the remarkable 

potential of mixed-ligand gold nanoparticles (AuNPs) in differentiating 

between bacterial surfaces based on their surface chemistry and charge 

profiles [279]. Their study highlighted the ability of MLNPs to exploit the 

structural and electrostatic differences between bacterial morphologies. 

This mosaic surface charge model paved the way for the development of 

MLNPs tailored for applications such as gram-selective inactivation and 

antimicrobial coatings. 

Furthermore, adding hydrophobic ligands to MLNPs increased 

their stability in biological environments, reducing aggregation and 

ensuring prolonged activity against phages. Richter et al. demonstrated 

that MLNPs with the addition of hydrophobic (hydrophobic 1-octanethiol, 

OT) ligand exhibited phage inactivation efficiency, while maintaining 

bacterial survival rates above 90% [157]. This study recognized 
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hydrophobicity as a key factor in promoting effective phage inactivation 

through surface interaction. 

6.2 Mixed ligand gold nanoparticles 

6.2.1 Nanoparticle synthesis and characterization 

This study presents a targeted approach to phage inactivation based on 

tailored interactions between nanoparticles and the mosaic of surface 

charges on bacteriophages while leaving bacterial cells unaffected. The 

strategy involves leveraging well-designed electrostatic and hydrophobic 

interactions for selective phage inactivation, offering potential 

advantages over existing methods. Gold nanoparticles were synthesized 

and functionalized with three types of ligands – (11- Mercaptoundecyl)-

N,N,N- trimethylammonium (TMA, positive), 12-mercaptododecanate 

(MUA, negative), and dodecane-1-thiol (DDT, hydrophobic) – to generate 

nanoparticles with varied surface charges. The nanoparticles were 

synthesized by Dr Pumza Mente. 

The STEM image of gold nanoparticles before the ligand 

exchange reaction showed spherical nanoparticles with an average 

diameter of 11.6 ± 2.9 nm and a monodisperse size distribution (Figure 

23a,b). This well-defined structure indicates successful synthesis, with 

the average size aligning with previous reports on gold nanoparticles 

used in antimicrobial studies [180]. The narrow size distribution suggests 

high reproducibility, essential for uniform behavior during ligand 

exchange and functionalization [280]. This size range is optimal for 

entering biological systems without triggering excessive immune 

responses [281], and the spherical shape facilitates consistent interaction 

with bacterial surfaces and phages, crucial for selective bacteriophage 

inactivation [157]. 

The hydrodynamic diameters of the MLNPs were determined 

using the DLS technique and are presented in Figure 23c. DLS analysis 

showed that mixed-ligand nanoparticles (MLNPs) with a near-equal ratio 

of positive (TMA) and negative (MUA) ligands (56:44:0) formed large 

aggregates (~450 nm), indicating reduced stability due to decreased 

electrostatic repulsion [282]. In contrast, nanoparticles with purely 

positive (100:0:0) or negative (0:100:0) ligands exhibited smaller, more 
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stable hydrodynamic diameters. This was further supported by zeta 

potential measurements (Figure 23d), where TMA-functionalized 

particles had a positive charge (+29 mV), MUA-functionalized particles 

had a negative charge (-35 mV), and mixed-ligand particles had reduced 

zeta potentials, approaching neutrality, leading to aggregation [157]. NPs 

covered by pure TMA or MUA ligands presented zeta potentials of +29 

mV and -35 mV, respectively, and the sample 56:44:0 showed -4 mV, 

which is consistent with the literature [283]. Zeta potential from around -

10 mV to +10 mV is usually associated with unstable colloidal 

suspension, where electrostatic repulsion is insufficient to prevent 

aggregation [284]. 

 

Figure 23. (a) Representative STEM image showing spherical gold 

nanoparticles with an average diameter of 11.6 ± 2.9 nm. (b) Size distribution 

curve based on STEM measurements. (c) DLS and (d) zeta potential of the 

mixed ligand nanoparticles (MLNPs) where the core is gold nanoparticles and 

the ligands are positively charged (11-mercaptoundecyl)-N,N,N- 

trimethylammonium, TMA), negatively charged (mercaptoundecanoic acid, 

MUA), and hydrophobic (dodecanethiol, DDT) in nature. (e) UV-Vis analysis. 

Figure reproduced from Raza et al., ‘Engineering hydrophobic and electrostatic 

interactions for selective inactivation of bacteriophages by mixed-ligand 

nanoparticles,' Nanoscale, 2025, DOI: 10.1039/D5NR00612K, licensed under 

CC BY 4.0. 
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UV-Vis absorption spectra (Figure 23e) showed that purely 

positive MLNPs had a peak at 522 nm, while negative MLNPs exhibited 

a slight shift to 525 nm. Intermediate ligand ratios displayed red-shifted 

peaks around 610 nm, further indicating particle aggregation [280,285–

287]. These results underscore the importance of controlling ligand ratios 

to maintain nanoparticle stability, which is critical for applications such as 

selective bacteriophage inactivation [288]. 

The proton NMR spectra of the modified nanoparticles (Figure 24) 

revealed distinct signals corresponding to the different ligands attached 

to the gold nanoparticle surface. The peaks for mercaptoundecanoic acid 

(MUA) and trimethylammonium bromide (TMA) confirmed the successful 

functionalization of the nanoparticles. The spectrum of pure MUA in 

DMSO reveals overlapping signals arising from CH2COOH and SH 

groups, complicating the integration (Figure 24a). However, when 

AuNPs were treated with iodine, the ligands detached from the gold 

surface, and sulfur atoms were oxidized to form a disulfide bond 

[288,289]. As a result, the SH signal disappeared, and the methylene 

group signal next to the sulfur atom (-CH2S-) shifted to 2.68 ppm [290]. 

In some spectra, a triplet at 2.17 ppm, attributed to the methylene group 

next to the deprotonated carboxyl group, was also observed. The 

integrals of these signals were combined to quantify the MUA ligands 

[291]. Signals at 3.24 ppm, corresponding to the CH2 protons adjacent to 

the N(CH3)+ group in TMA (Figure 24b), were often difficult to integrate 

due to the overlapping water peak at 3.33 ppm [290]. Therefore, the 

N(CH3)+ singlet at 3.02 ppm was used for quantifying the TMA ligand, 

with the integral ratio of 9:2 correlating with the 3.24 ppm signal whenever 

possible (Figure 24b) [292]. The chemical shifts of relevant groups are 

combined in Table 2. The ability to control ligand ratios is crucial for fine-

tuning nanoparticle surface properties, which in turn affect their 

interaction with biological targets, enabling selective bacteriophage 

inactivation while preserving bacterial viability [279]. 
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Figure 24. NMR spectra of ligands after removal of gold nanoparticles via iodine 

(I2) washing. (a) NMR spectrum of mercaptoundecanoic acid (MUA), (b) NMR 

spectrum of (11-mercaptoundecyl)-N,N,N-trimethylammonium (TMA), (c) NMR 

spectrum of dodecanethiol (DDT), (d) NMR spectrum of a ligand mixture with a 

75:25 ratio of TMA:MUA, (e) NMR spectrum of a ligand mixture with a 35:65 

ratio of TMA:MUA, 60:22:18 ratio of TMA:MUA:DDT (f), 43:57 ratio of 

TMA:MUA:DDT (g), 56:44 ratio of TMA:MUA:DDT (h), and (i) 86:14 ratio of 

TMA:MUA:DDT. Figure reproduced from Raza et al., ‘Engineering hydrophobic 

and electrostatic interactions for selective inactivation of bacteriophages by 

mixed-ligand nanoparticles,' Nanoscale, 2025, DOI: 10.1039/D5NR00612K, 

licensed under CC BY 4.0. 
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Table 2: Chemical shifts of relevant H groups (s – singlet; t – triplet; q – 

quartet; m – multiplet). 

 

 

 

 

 

 

 

 

 

 

 

 

6.2.2 Antimicrobial tests 

Next, concentrations of MLNPs ranging from 10-7 up to 1 mg/mL were 

tested, and double overlay titration was carried out to determine the 

extent of phage inactivation of T4 bacteriophages. The dosage 

compensation experiment established that a concentration of 0.1 mg/mL 

of MLNPs was sufficient to deactivate over 90% of T4 bacteriophages 

(Figure 25). This was in line with our previous research [157]. 

Type of H Group Chemical Shift (ppm) 

-CH2-N+(CH3)3
 3.29 – 3.21 (m) 

-CH2-N+(CH3)3 3.02 (s) 

-CH2-SS-CH2- 2.72 – 2.65 (t) 

-CH2-COOH 2.30 – 2.23 (t) 

-CH2-COO― 2.20 – 2.15 (t) 

CH2-CH2-CH2 1.71 – 1.19 (m) 

-CH2-CH3 0.88 – 0.80 (t) 

-CH2-SH 2.56 – 2.48 (q) 

-CH2-SH 2.22 – 2.17 (t) 
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Figure 25. Dosage compensation of the survival % of T4 bacteriophages 

against 100% positive (only TMA, 100:0:0) nanoparticles. The virions were 

exposed to MLNPs concentrations, ranging from 10-7 mg/mL to 1 mg/mL. The 

starting concentration of T4 was 107 PFU/mL. Figure reproduced from Raza et 

al., ‘Engineering hydrophobic and electrostatic interactions for selective 

inactivation of bacteriophages by mixed-ligand nanoparticles,' Nanoscale, 2025, 

DOI: 10.1039/D5NR00612K, licensed under CC BY 4.0. 

 

The hourly experiment determined that TMA-functionalized 

nanoparticles (100:0:0) inactivated over 99% of T4 bacteriophages within 

5 hours at a concentration of 0.1 mg/mL while maintaining approximately 

80% E. coli viability (Figure 26b). The nanoparticles were tested against 

T4 and E. coli as model organisms for bacteriophages and bacteria. 

The virions and bacterial cells were individually exposed to each set of 

nanoparticles, and any changes in their respective concentrations were 

recorded. It was observed that nanoparticles with a higher number of 

positive ligands (TMA) inactivated both phages and bacteria, whereas 

nanoparticles with a higher ratio of negative ligands [n] had little to no 

effect on either phage titer or bacterial cell concentration. The shaded 

area between the plots in Figure 26c shows the difference in survival 

percentages of E. coli and T4 bacteriophages, where MLNPs were more 

efficient against virions than bacterial cells, i.e., ligand ratios allowing for 

selectivity. 

https://doi.org/10.1039/D5NR00612K
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The nanoparticles were further modified by adding a hydrophobic 

ligand (dodecanethiol, DDT), as shown in Figure 26d, to obtain 

nanoparticles with a 60:22:18 ratio of TMA:MUA:DDT. We knew from 

previous work that the introduction of hydrophobic ligands [h] to all [n] 

NPs increased the efficacy of phage inactivation [157]. Here, we aimed 

to achieve phage eradication at 37 °C and at a shorter time scale, and 

thus, a mixture of three different ligands (TMA:MUA:DDT) was tested. 

Such MLNPs were tested against both E. coli and T4 bacteriophages to 

assess their impact on bacterial cell viability and phage titer. The 

experimental procedure followed the same protocol as described above, 

and the differences in concentrations were recorded. It was found after 5 

hours that approximately 87% of T4 were inactivated, while 90% of all 

bacterial cells survived (Figure 26e). These findings underscore the 

potential of the tested nanoparticles as effective agents against 

bacteriophages while preserving bacterial cell viability. 

Several efforts have been made to modify gold particles to 

facilitate their interaction with viral proteins [293,294]. In an interesting 

study, researchers explored the interplay of electrostatic forces between 

modified gold nanoparticles and S. aureus phages, leading to the 

formation of Au-phage complexes and offering promising avenues for 

versatile applications [295]. Other research has shown the interaction 

between phage capsids and gold nanoparticles by forming an amide 

bond between the terminal carboxylic groups on ligands and amine 

groups on phage capsids [296]. 

In our STEM images obtained subsequent to a 5-hour incubation 

period of T4 bacteriophages with hy-MLNPs, we observed an apparent 

interaction between our nanoparticles and the capsids of T4 phages 

(Figure 26f). Specifically, nanoparticles formed chain-like structures 

around the T4 phage capsids, likely disrupting their structural integrity 

and preventing successful phage infection. The phages exhibited 

a pattern of clustering wherein they formed chains enveloped by 

nanoparticles surrounding the capsid. In our previous study, TEM 

analysis of bacteriophages T4 interacting with modified gold 

nanoparticles reveals that hydrophobic ligands (OT) interact with the 



P a g e  | 98 

 

bacteriophage capsid fibers, leading to structural changes and 

deactivation, which aligns with the chain-like agglomeration [157]. 

The first proposed mechanism of action for MLNPs involves 

disrupting electrostatic interactions at the target surface. Upon 

approaching the surface, the high surface charge of the MLNPs alters the 

local ionic environment, reducing ionic strength and shortening the 

Debye length, which controls the range of electrostatic forces [280]. This 

disruption weakens the interactions that maintain the structural integrity 

of virions, which agrees with the findings of Wennerström et al., who 

emphasized the critical role of electrostatic interactions in colloidal 

stability [297]. 

The second mechanism relates to osmotic pressure changes 

induced by the high charge density of the MLNPs and their counterions. 

This creates a localized osmotic imbalance [298], leading to water influx 

near the virions. Virions are particularly susceptible to such osmotic 

fluctuations due to the high internal pressure within their capsid, resulting 

from the tightly packed genetic material [299]. The increased osmotic 

stress may compromise capsid integrity, further inhibiting the virion’s 

functionality [299]. 
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Figure 26. (a) Schematic representation of mixed ligand nanoparticles 

functionalized with TMA and MUA (b) The graph depicts an hourly experiment 

conducted to monitor the fluctuation in survival percentages of T4 

bacteriophages over time following exposure to all-TMA nanoparticles 

(100:0:0). (c) The graph shows the survival percentage trends of T4 and E. coli 

treated with MLNPs. The shaded area between the plots shows the difference 

in survival percentages. The starting concentration of T4 was 107 PFU/mL, while 

that of E. coli was 104 CFU/mL. The experiment was conducted for 5 hours at 

37 °C, 220 rpm. The concentration of nanoparticles was 10-1 mg/mL. (d) 

Schematic representation of mixed ligand nanoparticles functionalized with 

TMA, MUA, and DDT. (e) Effect of nanoparticles containing positive, negative, 

and hydrophobic ligands on the survivability of E. coli and T4. The starting 

concentration of E. coli was 105 CFU/mL, while that of T4 was 107 PFU/mL. The 

experiment was conducted for 5 hours at 37 °C, 220 rpm. The concentration of 

nanoparticles was 10-1 mg/mL. (f) STEM visualization of T4 bacteriophages in 

the presence of hydrophobic mixed ligand nanoparticles after 5 hours of 

incubation at 37 °C, 220 rpm. The bar represents 400 nm. Figure reproduced 

from Raza et al., ‘Engineering hydrophobic and electrostatic interactions for 

selective inactivation of bacteriophages by mixed-ligand nanoparticles,' 

Nanoscale, 2025, DOI: 10.1039/D5NR00612K, licensed under CC BY 4.0. 
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In the next experiment, the mixed-ligand nanoparticles with 

a 60:22:18 ratio of TMA:MUA:DDT were tested against several model 

bacteriophages, including MS2, M13, Qβ, LR1_PA01, and 

vB_SauS_CS1 (Figure 27). The nanoparticles achieved complete 

inactivation (100%, 7 log reduction) of all phages within 9 hours. A 

comparison between the phages and their corresponding bacterial 

strains is shown in Figure 27. M13 exhibited the most rapid inactivation, 

with approximately 91% inactivation within just 3 hours (Figure 27). 

Following closely were LR1_PAO1 and MS2, demonstrating around 95% 

inactivation after 5 hours of exposure to the nanoparticles. 

vB_SauS_CS1 was fully inactivated after 8 hours, although it required 

longer incubation than the aforementioned phages. These results 

demonstrate the broad-spectrum efficacy of the mixed-ligand 

nanoparticles in inactivating a wide range of bacteriophages, suggesting 

that the combination of TMA, MUA, and DDT ligands is effective against 

various phage structures. 

Despite this strong antiviral action, the nanoparticles exhibited 

high selectivity, as they were able to inactivate the phages without 

significantly harming bacterial cells, maintaining over 60% bacterial 

viability. This selective targeting of phages makes the nanoparticles 

highly suitable for applications in industries where bacteriophage 

contamination must be controlled without compromising the productivity 

of beneficial bacterial cultures [157]. 

The large diversity of phages makes it challenging to target 

a specific phage while ensuring the protection of bacterial cells. Thus, the 

developed method should be selective enough to protect bacteria against 

phages but not restricted to any specific phage. Our approach utilizes 

multivalent interactions between surface-functionalized Au NPs and the 

surface of the target. The mosaic of surface charges and hydrophobic 

domains at the outermost surface differs even for Gram-positive and 

Gram-negative bacteria, allowing for selectivity, as proved by the group 

of Grzybowski [279]. The surface of capsids of bacteriophages is vastly 

different from bacteria as it is composed of proteins (most phages are not 

enveloped), while peptidoglycans or lipopolysaccharides and 

phospholipids are present at the surface of bacteria [300]. 
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The selectivity of mixed ligand nanoparticles (MLNPs) arises from 

the precise tuning of surface ligands designed to mimic the complex 

mosaic of functional groups present on the outer surfaces of the target 

entities, whether they are bacteriophages or bacteria. Previous research 

has demonstrated that such fine-tuning of surface chemistry can 

effectively differentiate Gram-negative from Gram-positive bacteria [279]. 

Our study extended this concept by successfully distinguishing 

bacteriophages from bacterial cells based on their surface 

characteristics. 

 

 

Figure 27. The graph shows investigating the impact of nanoparticles with 

mixed ligands (TMA, MUA, and DDT) in a ratio of 60:22:18, respectively, on 

diverse model phages (MS2, M13, Q Beta, LR1_PA01, and vB_SauS_CS1) for 

quantifying their inactivation over 12 hours. Initial phage concentration: 107 

PFU/mL. Experiments were conducted at 37 °C, 220 rpm, with nanoparticle 

concentration at 0.1 mg/mL. Figure reproduced from Raza et al., ‘Engineering 

hydrophobic and electrostatic interactions for selective inactivation of 

bacteriophages by mixed-ligand nanoparticles,' Nanoscale, 2025, DOI: 

10.1039/D5NR00612K, licensed under CC BY 4.0. 

 

6.2.3 Sterilising secondary reactants - antibiotics 

In bacteria-based industries, antibiotics are often incorporated as raw 

materials for killing or stopping the growth of harmful bacteria. However, 

antibiotics cannot undergo standard sterilization processes due to their 

fragile nature and susceptibility to high temperatures. This limitation 

poses a significant contamination risk, as unsterilized antibiotic solutions 

https://doi.org/10.1039/D5NR00612K
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may harbor bacteriophages, potentially introducing these contaminants 

into bioreactors. 

Given this challenge, we hypothesized that mixed ligand 

nanoparticles (MLNPs) could serve as a novel solution for either 

sterilizing antibiotic solutions or directly targeting any phages that these 

antibiotics might introduce. However, before considering such an 

application, it was essential to ensure that MLNPs do not interfere with 

the antibiotics' efficacy. 

Initially, we conducted control experiments to independently 

assess the effects of T4 phages and MLNPs on E. coli. The results 

showed that T4 phages alone reduced E. coli CFU/mL by up to 50%. 

However, when MLNPs were introduced alongside the phages, they 

effectively protected the bacteria, as indicated by no significant drop in 

CFU/mL (Figure 28, panel ‘without antibiotic’). 

Next, we introduced kanamycin into the study as our E. coli strain 

is kanamycin-resistant. We repeated the control experiments with T4 

phages and MLNPs, confirming that MLNPs protected the bacteria from 

phage attacks without compromising the antibiotic's effectiveness. The 

CFU/mL of cultures treated with kanamycin, with or without MLNPs, 

showed no significant difference (marked as ns in Figure 28, panel 

‘kanamycin’), indicating that MLNPs did not interfere with kanamycin's 

activity. 

Finally, we evaluated the effect of MLNPs on ampicillin by 

comparing samples containing only E. coli and ampicillin with those 

containing E. coli, ampicillin, and MLNPs. The results revealed no 

significant difference in CFU/mL between the two groups (marked as ns 

in Figure 28, panel ‘ampicillin’), demonstrating that MLNPs did not 

interfere with ampicillin’s efficacy. 

These findings suggest that MLNPs can potentially safeguard 

bacterial cultures by inactivating bacteriophages introduced through 

antibiotics without compromising the antibiotics’ effectiveness in 

biotechnological processes. 
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Figure 28. The survival rate of E. coli after interaction with nanoparticles 

containing positive, negative, and hydrophobic ligands, bacteriophage T4, and 

antibiotics – kanamycin and ampicillin. 

 

6.2.4 Biocompatibility assay 

To assess the biocompatibility of our nanoparticles with mammalian cells, 

an Alamar Blue assay was performed using the 3T3 NIH fibroblast cell 

line. Three distinct nanoparticle formulations were evaluated: gold 

nanoparticles without ligand functionalization, mixed-ligand 

nanoparticles (MLNPs) with a 56:44:0 ratio of TMA to MUA, and MLNPs 

incorporating a hydrophobic ligand at a 60:22:18 ratio of TMA:MUA:DDT. 

The nanoparticle concentration was set at 0.1 mg/mL, selected based on 

its effectiveness in previous phage inactivation experiments (Figure 25). 

The 3T3 NIH cells were exposed to these nanoparticle 

formulations, AuNPs, MLNPs (56:44:0), and MLNPs (60:22:18), for 

durations of 24 and 48 hours. Cell viability was evaluated through the 

Alamar Blue assay, which quantifies cellular metabolic activity by 

measuring the reduction of resazurin to the fluorescent compound 

resorufin. The results, illustrated in Figure 27f, revealed cell viabilities 

exceeding 90% across all nanoparticle treatments and time points. 

MLNPs (56:44:0) demonstrated particularly high cell viability, indicating 

minimal cytotoxicity at the tested concentration. 

Morphological observations further corroborated the 

biocompatibility of the nanoparticles. Untreated control cells (Figure 29a) 
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retained their typical elongated, spindle-like morphology, characteristic of 

healthy 3T3 fibroblasts. Similarly, cells exposed to gold nanoparticles 

without ligands (Figure 29b) and MLNPs with TMA and MUA ligands 

(56:44, Figure 29c) exhibited no significant deviations in morphology 

compared to control cells. Cells treated with MLNPs containing 

hydrophobic ligands (60:22:18, Figure 29d) showed slightly increased 

nanoparticle interaction but maintained their fibroblast morphology. 

In contrast, cells treated with Triton X-100 (1%; Figure 29e) displayed 

spherical, shrunken morphologies, indicative of cellular damage, thus 

validating the assay's sensitivity in detecting cytotoxic effects. 

These findings demonstrate that both MLNPs and hydrophobic 

ligand-incorporated MLNPs exhibit high biocompatibility with 3T3 NIH 

cells, with cell viability consistently surpassing 90%. This minimal 

cytotoxicity, combined with the effective phage inactivation previously 

observed, highlights the potential of these nanoparticles for medical and 

antimicrobial applications. Their ability to selectively inactivate phages 

without compromising mammalian cell health aligns with previous 

studies, which suggest that ligand-functionalized nanoparticles—

especially those with carboxyl or hydrophobic groups—enhance 

biocompatibility and exhibit selective targeting capabilities against 

microbial contaminants while preserving mammalian cell integrity. 

 



P a g e  | 105 

 

 

Figure 29. Optical microscopic images of 3T3 NIH fibroblast cells after 24 hours 

of incubation with different nanoparticle treatments: (a) Untreated control cells, 

(b) Cells treated with gold nanoparticles (AuNPs, 0.1 mg/mL), (c) Cells treated 

with mixed ligand nanoparticles (MLNPs, 56:44 TMA:MUA, 0.1 mg/mL), (d) 

Viability of cells treated with AuNPs, MLNPs (56:44), and MLNPs (60:22:18) 

after 24 and 48 hours of incubation. (e) Cells treated with MLNPs (60:22:18 

TMA:MUA:DDT, 0.1 mg/mL), and (f) Cells treated with 1% Triton X. Figure 

reproduced from Raza et al., ‘Engineering hydrophobic and electrostatic 

interactions for selective inactivation of bacteriophages by mixed-ligand 

nanoparticles,' Nanoscale, 2025, DOI: 10.1039/D5NR00612K, licensed under 

CC BY 4.0. 

 

6.3 Polypyrrole Nanoparticles 

6.3.1 Nanoparticles’ synthesis and characterisation 

Conducting polymer-based nanoparticles have gained much attention for 

biomedical applications because of their unique physicochemical 

properties, including electrical conductivity and biocompatibility [301–

304]. These nanoparticles are used in drug delivery, wearable 

bioelectronics like transistors, and wound healing. Combinations of 

bacteriophages and polymers are also promising for targeted drug 

delivery, microbial decontamination, antibiotic alternatives, 

https://doi.org/10.1039/D5NR00612K
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bacteriophage encapsulation, and controlled phage inactivation [305–

309]. Among conducting polymers, polypyrrole stands out due to its good 

electrical conductivity when doped, thermal stability up to 300 °C, and 

simple synthesis [310]. In this study, we developed a new method for 

phage inactivation by creating poly(vinyl alcohol) (PVA)-based 

polypyrrole nanoparticles cross-linked with a pyrrole derivative containing 

carboxyl groups. Polymerization was initiated with iron(III) chloride to 

enhance conductivity [311], and excess PVA chains stopped the 

reaction, forming small, uniform nanoparticles around 50 nm in size [312]. 

Adding carboxylated pyrrole improved the nanoparticles’ electrostatic 

properties  [313]. The nanoparticles were characterized using SEM, EDX, 

XPS, DLS, zeta potential, Raman spectroscopy, and FTIR (Figure 30). 

SEM showed smooth, spherical nanoparticles that became smaller as 

more carboxyl groups were added, ranging from 47.24 ± 0.13 nm to 34.55 

± 0.17 nm (Figure 30a-e). EDX confirmed elemental composition and 

successful functionalization (Figure 30g), while XPS revealed chemical 

changes linked to the carboxyl groups (Figure 30h). DLS measurements 

confirmed the size decrease and swelling in buffer solutions (Figure 30i). 

Zeta potential analysis showed increasingly negative surface charges 

with higher carboxyl content, improving colloidal stability Figure 30j. 

Raman and FTIR confirmed structural integrity and chemical 

modification, supporting the successful incorporation of carboxyl groups 

(Figure 30k-l). 
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Figure 30. SEM images and statistical size distribution with bell curve fitting and 

of (a) PPy, (b) PPy:PPyCOOH 100:1, (c) 50:1, (d) 20:1, (e) 10:1 nanoparticles 

(f) Dependence of the average diameter of nanoparticles on the addition of 

PyCOOH during their synthesis. (g) EDX spectra of PPy and PPyCOOH (1–10 

mol%) recorded by 5 kV electron beam at the image magnitude of 3,000 times. 

(h) Results of XPS quantitative analysis on carboxylic groups. Results of DLS 

analysis on PPy and PPy-PPyCOOH nanoparticles in TM buffer regarding (i) 

their percentage share by quantity (j) zeta potential of nanoparticles with 

different percentage of COOH groups, (k) Fourier-transform infrared 

spectroscopy results and (l) Raman spectra of the synthesized nanoparticles. 
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6.3.2 Antimicrobial assay 

The antiviral activity of polypyrrole nanoparticles (PPy NPs) was 

evaluated against three model bacteriophages: T4, MS2, and 

vB_SauS_CS1. These phages serve as representative models for 

abundant phage types, eukaryotic viruses, and Gram-positive bacteria-

infecting phages. 

Figure 31 demonstrates the inactivation efficiency of PPy NPs at 

varying concentrations over 24 hours. A concentration-dependent 

inactivation trend was observed, with 90% inactivation for T4, 70% for 

MS2, and 60% for vB_SauS_CS1 at the highest concentration tested. 

The results showed that even without carboxyl groups, PPy nanoparticles 

were able to inactivate phages in a concentration-dependent way. At the 

highest concentration tested, the inactivation rates were 76.6 ± 1.64% for 

T4, 58.62 ± 1.71% for MS2, and 93.12 ± 0.98% for vB_SauS_CS1. Based 

on these findings, we chose 0.3 mg/mL as the working concentration for 

further experiments. This concentration caused about 40% or less 

inactivation for all tested phages, providing a low baseline. This made it 

possible to clearly observe any extra inactivation caused by the COOH 

groups in the functionalized nanoparticles. 
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Figure 31. Inactivation percentage depending on the concentration of 

nanoparticles for chosen bacteriophages: T4, MS2, and vB_SauS_CS1. The 

starting concentrations of the bacteriophages were in the range of 107 PFU/mL. 

 

Figure 32 shows how P(Py:PyCOOH) nanoparticles with different 

amounts of carboxyl groups (100:1, 100:2, 100:5, and 100:10) affected 

phage inactivation. Surprisingly, instead of seeing more inactivation with 

higher COOH content, the nanoparticles with the lowest amount of 

carboxyl groups (100:1) were the most effective. P(Py:PyCOOH) 100:1 

nanoparticles completely inactivated the T4 phage (7 log reduction), and 

reduced MS2 and vB_SauS_CS1 by 99.98 ± 6.36 % and 99.97 ± 14.53 

%, respectively. As the amount of PyCOOH increased to 5% and 10%, 

the inactivation rates dropped. For the 100:5 ratio, inactivation rates were 

82.86 ± 11.53 % (T4), 61.22 ± 7.38 % (MS2), and 98.17 ± 19.14 % 

(vB_SauS_CS1). The weakest effect was seen with the 100:10 

nanoparticles, which reduced T4 by 36.42 ± 17.13 %, MS2 by 24.49 ± 

9.99 %, and vB_SauS_CS1 by 11.66 ± 10.31 %. These results suggest 

that the 100:1 nanoparticles achieved the best interaction with the phage 

capsids, leading to the most effective disruption of the phages' structure 

[314]. 
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Figure 32. The effect of PPyCOOH nanoparticles (1%, 2%, 5%, and 

10%) on the survivability of chosen phages – T4, MS2, and 

vB_SauS_CS1. The starting concentrations of the bacteriophages were 

in the range of 107 PFU/mL. 

 

Next, the effect of P(Py:PyCOOH) 100:1 nanoparticle on both 

phages and their bacterial hosts was evaluated (Figure 33). The 

nanoparticles showed high selectivity by effectively inactivating the 

phages while having little impact on the viability of their hosts. For 

instance, the T4 phage titer was reduced by 100% (7 log), while 96.62 ± 

2.87 % of its host, E. coli BL21, remained viable. Similarly, 99.98 ± 6.36 

% of MS2 phages and 99.97 ± 14.53 % of vB_SauS_CS1 phages were 

inactivated, with their hosts, E. coli C3000 and S. aureus DSM105272, 

maintaining 94.87 ± 4.07 % and 96.19 ± 5.01 % viability, respectively. 

This strong selectivity is important for applications requiring phage 

control without harming beneficial bacteria [315]. 
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Figure 33. The effect of PPyCOOH nanoparticles (1%) on the survivability of 

chosen bacteria phages – T4, MS2, and vB_SauS_CS1 phages and their 

respective bacteria – E. coli BL21, E. coli C3000, and S. aureus, respectively. 

 

Transmission electron microscopy (TEM) provided valuable 

insights into the interaction mechanisms between 1% PPyCOOH 

nanoparticles and bacteriophages (Figure 34a-c). The observations 

revealed distinct interaction patterns depending on the phage type. In the 

case of T4 phages (Figure 34a), the nanoparticles primarily adhered to 

the tail and fiber structures, suggesting interference with regions critical 

for host cell attachment. For MS2 phages (Figure 34b), the nanoparticles 

induced phage clustering, likely driven by electrostatic interactions, which 

limited the phages' ability to access host cells. Meanwhile, 

vB_SauS_CS1 phages (Figure 34c) appeared to be completely 

surrounded by nanoparticles, effectively obstructing structural regions 

essential for bacterial attachment. 

Notably, no significant morphological damage to the phages was 

observed, indicating that the primary mechanisms of inactivation are 

electrostatic interactions and physical blocking of key functional sites 

rather than structural disruption. The negatively charged carboxyl 

(COOH) groups on the nanoparticle surface likely interact with positively 

charged regions on the phage capsid, disrupting essential binding sites 

required for host attachment and infection. This mechanism highlights the 
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efficiency of 1% PPyCOOH nanoparticles in neutralizing phage activity 

while preserving the structural integrity of the viral particles. 

 

Figure 34. TEM images showing interactions between PPyCOOH 1% 

nanoparticles and bacteriophages: (a) T4 bacteriophages interacting with 1% 

PPyCOOH nanoparticles, (b) MS2 bacteriophages forming clusters away from 

1% PPyCOOH nanoparticles, and (c) vB_SauS_CS1 bacteriophages with 

PPyCOOH nanoparticles surrounding the phages. 

 

6.3.3 Biocompatibility assay 

The cytotoxicity of 1% PPyCOOH nanoparticles at a concentration of 0.3 

mg/mL was assessed using an Alamar Blue assay on the 3T3 NIH 

fibroblast cell line to ensure their safety for biomedical applications. Cell 

viability measurements after 24 and 48 hours of nanoparticle exposure 

revealed consistently high survival rates, exceeding 90% (Figure 35d). 

Microscopic analysis of cell morphology further supported these 

findings, showing no significant differences between untreated control 

cells and those exposed to 1% PPyCOOH nanoparticles (Figure 35a–

b). In contrast, cells treated with the cytotoxic agent Triton X-100 (1%) 

displayed evident signs of damage, including spherical and shrunken 

morphologies (Figure 35c). 

These results confirm that 1% PPyCOOH nanoparticles 

demonstrate minimal cytotoxicity, even at concentrations effective for 

phage inactivation. The high cell viability and preserved cellular 

morphology underscore their potential suitability for biomedical 

applications where safety and biocompatibility are critical. 
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Figure 35. Morphological and cytotoxicity analysis of 3T3 NIH cells treated with 

PPyCOOH nanoparticles. (a) Untreated control cells show healthy, elongated 

fibroblast morphology. (b) Cells treated with PPyCOOH 1% at 0.3 mg/mL for 24 

hours, exhibiting similar elongated morphology, indicating minimal cytotoxicity. 

(c) Cells treated with 1% Triton X-100, displaying spherical, shrunken 

morphology characteristic of cell death. (d) Quantitative analysis of cell viability 

using the Alamar Blue assay after 24 and 48 hours of incubation with PPyCOOH 

1% nanoparticles. 

 

6.4 Chapter Summary 

Nanotechnology has significantly advanced antimicrobial strategies, with 

mixed-charge nanoparticles (MLNPs) emerging as a promising tool for 

targeted bacteriophage inactivation without harming beneficial bacteria. 

These nanoparticles possess both positive (cationic) and negative 

(anionic) ligands on their surfaces, enabling precise control over charge 

distribution for selective interactions with microbial surfaces. 

Grzybowski et al. demonstrated that mixed-ligand gold 

nanoparticles (AuNPs) can differentiate between bacterial and viral 

surfaces based on their electrostatic and structural profiles, facilitating 

selective antimicrobial applications. This selective capability is 
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particularly valuable in environments requiring the elimination of 

bacteriophages without disrupting beneficial bacterial communities, such 

as in fermentation or probiotic industries. 

Further improvements have been achieved by incorporating 

hydrophobic ligands, which enhance nanoparticle stability and reduce 

aggregation in biological environments. For example, Richter et al. 

showed that hydrophobic ligands like 1-octanethiol (OT) improve the 

phage inactivation efficiency of MLNPs while maintaining high bacterial 

survival rates (above 90%). Hydrophobic interactions play a crucial role 

in binding nanoparticles to viral capsids, disrupting their structural 

integrity, and preventing infection. 

In this chapter, mixed-ligand nanoparticles (MLNPs) were 

synthesized with surface functionalization consisting of positive 

(cationic), negative (anionic), and sometimes hydrophobic ligands. This 

unique combination allows precise control over charge distribution, 

enabling selective interactions with bacterial and viral surfaces. In 

studies, MLNPs demonstrated over 90% bacterial survival rates while 

achieving 99% inactivation of T4 bacteriophages within 5 hours at 

a concentration of 0.1 mg/mL. The addition of hydrophobic ligands, such 

as dodecanethiol (DDT), improved nanoparticle stability and increased 

phage inactivation efficiency by facilitating stronger hydrophobic 

interactions. MLNPs’ selective antimicrobial properties and stability in 

biological environments make them highly effective. The fine-tuning of 

ligand ratios ensures targeted action, optimizing MLNPs for selective 

phage inactivation while maintaining high bacterial viability and minimal 

toxicity to mammalian cells. 

Polypyrrole nanoparticles (PPyNPs), functionalized with carboxyl 

(COOH) groups, also exhibited exceptional stability, selectivity, and 

efficiency in antimicrobial applications. At an optimal concentration of 0.3 

mg/mL, 1% COOH-functionalized PPyNPs achieved 100 % inactivation 

of T4 phages, 99.98 ± 6.36 % of MS2 phages, and 99.97 ± 14.53 % of 

vB_SauS_CS1 phages, while maintaining over 90% bacterial viability. 

Additionally, mammalian cell viability remained above 90% after 

exposure to PPyNPs for 24–48 hours, confirming their biocompatibility. 
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The balance between electrostatic interactions and surface functionality 

makes PPyNPs highly effective for bacteriophage targeting without 

harming bacterial or mammalian cells. 

Both MLNPs and PPyNPs demonstrate highly selective 

antimicrobial properties, with MLNPs achieving 99% phage inactivation 

and PPyNPs demonstrating up to 85% inactivation rates under optimal 

conditions. While MLNPs rely on a mosaic of positive, negative, and 

hydrophobic ligands for precise charge interactions, PPyNPs utilize 

carboxyl functional groups to achieve similar results through electrostatic 

and steric interactions. Importantly, both nanoparticles maintain over 

90% bacterial survival rates and over 90% mammalian cell viability, 

highlighting their biocompatibility. Together, these nanomaterials provide 

a powerful and complementary approach to combating microbial 

infections, offering targeted, efficient, and safe solutions for 

biotechnological and medical applications.  
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CHAPTER 7 

Summary and conclusions  



P a g e  | 117 

 

The main goal of this thesis was to develop novel strategies for 

bacteriophage inactivation, focusing on selective targeting of phages 

while preserving beneficial bacterial populations. Unlike conventional 

antimicrobial approaches that broadly eliminate microorganisms, this 

thesis emphasized the need for more refined, phage-specific inactivation 

methods applicable across biotechnology, industrial microbiology, and 

medical fields. 

This study explored various types of small molecules, polymers, 

and nanomaterials to achieve selective bacteriophage deactivation. The 

work transitioned from broad-spectrum antimicrobial nanomaterials 

toward more specialized systems demonstrating engineered selectivity, 

aiming to preserve microbial ecosystems where needed. Each chapter 

concluded a distinct project focused on designing, testing, and evaluating 

materials for bacteriophage control, integrating their mechanisms of 

action, effectiveness, and practical applications. 

In Chapter 4, I investigated the use of nanotechnology in 

combating bacteriophage contamination, focusing on green-synthesized 

silver nanoparticles (TeaNPs), iron-based nanoparticles (ZVI), and 

copper oxide nanocoatings. While TeaNPs exhibited strong antibacterial 

and antifungal properties, they were not significantly effective against 

phages alone. However, combining TeaNPs with bacteriophages in 

phage–nanoparticle cocktails significantly enhanced antibacterial 

efficacy. ZVI nanoparticles exhibited broad-spectrum antiviral 

mechanisms involving adsorption, redox reactions, and ion release, while 

copper oxide nanocoatings demonstrated strong antiviral and 

antibacterial properties, providing versatile antimicrobial surfaces. 

Additionally, other nanomaterials, such as copper-based nanocoatings, 

were evaluated for their antiviral potential. While these materials 

demonstrated measurable inactivation of some phages, their broad-

spectrum activity and limited selectivity reinforced the need for more 

targeted antiphage solutions, especially in applications requiring 

precision and minimal disruption to beneficial microbial communities. 

In Chapter 5, I introduced indigo carmine (IC), a naturally occurring 

FDA-approved food dye, as a selective antiphage agent. IC selectively 
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inactivated DNA phages (e.g., T4, T7, λ, and P001) without affecting 

bacterial viability, while remaining ineffective against RNA phages such 

as MS2. Mechanistic studies indicated that IC binds preferentially to 

double-stranded DNA, leading to structural damage and irreversible tail 

sheath contraction in bacteriophages. This chapter demonstrated for the 

first time that selective phage inactivation using a small, food-safe 

molecule is feasible, representing a critical milestone toward developing 

safe, scalable antiphage solutions. 

In Chapter 6, I further advanced the concept of engineered 

selectivity by designing mixed-ligand nanoparticles (MLNPs) and 

polypyrrole nanoparticles (PPyNPs). MLNPs were developed with 

precisely controlled combinations of positive, negative, and hydrophobic 

ligands to achieve selective phage targeting while preserving bacterial 

and mammalian cell viability. MLNPs achieved 99% inactivation of 

bacteriophages with over 90% bacterial and mammalian cell survival. 

In parallel, polypyrrole nanoparticles functionalized with carboxyl groups 

(PPy-COOH NPs) showed broad phage inactivation while maintaining 

bacterial viability. Both systems demonstrated the potential of rational 

surface engineering for achieving highly selective and biocompatible 

phage inactivation. 

Altogether, the findings presented in this thesis contribute new 

knowledge to the emerging field of selective phage inactivation. By 

moving from natural selectivity (Chapter 5) to rationally engineered 

selectivity (Chapter 6), this work bridges molecular biology, physical 

chemistry, and materials science to develop innovative tools for 

safeguarding microbial processes. Furthermore, these strategies are 

versatile, scalable, and compatible with industrial, biotechnological, and 

medical applications. 

Bacteriophages, biological entities existing at the intersection of 

chemistry and biology, challenge conventional analytical methods due to 

their bimodal nature: too large for small-molecule techniques and too 

small for direct microscopy without amplification. Their interactions with 

small molecules and nanomaterials must be studied indirectly, as shown 

throughout this thesis. The successful design of selective inactivation 
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strategies reflects a deep understanding of these unique challenges and 

offers a path forward for future research. 

In summary, this thesis demonstrates that effective, selective, and 

safe inactivation of bacteriophages is achievable through both the 

discovery of natural compounds and the engineering of novel 

nanomaterials. Future efforts should continue integrating knowledge from 

diverse fields to further improve the selectivity, efficiency, and 

applicability of antiphage strategies across different industrial and clinical 

settings. 
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