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Abstract 

Bacterial infections and biofilms remain critical challenges in both water systems and 

chronic wound management. This dissertation presents a multi-faceted approach to 

developing innovative antibacterial and antibiofilm biomaterials using nanotechnology and 

enzyme-based strategies. The work is structured around three independent yet, thematically 

aligned studies. 

The first study addresses bacterial contamination in water by exploring the synergistic 

antibacterial effects of iron oxide nanoparticles (IONPs) and the chemical biocide 

hydrogen peroxide against Pseudomonas aeruginosa. The synthesized magnetite 

nanoparticles, both bare and polyacrylic acid-coated, improved the efficacy of hydrogen 

peroxide, which permits the use of lower, less toxic concentrations of peroxide to be used. 

The polyacrylic acid (PAA) coating on IONPs enhanced colloidal stability, and when 

combined with hydrogen peroxide, PAA-IONPs significantly reduced bacterial viability. 

These findings suggest a promising application in industrial water treatment where reduced 

chemical biocide usage is desired. 

The second study transitions from environmental to biomedical applications, focusing on 

enzyme-loaded alginate hydrogels as antibiofilm wound dressings. By incorporating 

pyruvate dehydrogenase (PDH) into alginate matrices, the hydrogels effectively altered 

biofilm metabolism, dispersing established P. aeruginosa biofilms and inhibiting new 

biofilm formation. Mechanical and structural analyses confirmed the suitability of the 

hydrogels for wound environments, while cytocompatibility was demonstrated in vitro 

with human cells. Compared to commercial alginate dressings, PDH-loaded hydrogels 

showed significantly superior antibiofilm performance, without relying on conventional 

antibiotics. 

The third study builds on this platform by enhancing the alginate hydrogel system through 

the addition of carboxymethyl chitosan (CMC), a biopolymer with known antibacterial 

properties. Composite hydrogels with two oxidation degrees (10% and 25%) were 

synthesized and evaluated. The 10% oxidized formulation showed superior mechanical 

integrity and hydration capacity. PDH-loaded OAlg:CMC hydrogels achieved significant 

biofilm reduction compared to enzyme-free controls, confirming the benefit of combining 

enzymatic and polymer-based strategies in wound care. 

Collectively, this work demonstrates the potential of nanomaterials and bioactive enzymes 

to combat bacterial infections through innovative material design. By addressing both 

environmental and clinical biofilm challenges, this dissertation contributes to the 

advancement of antibacterial materials that may ultimately reduce the need for high-

concentration biocides and novel antibiotics. 
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Chapter 1: Introduction  
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1-1- Overview  

Bacterial infections are a major concern in the healthcare system, driving the 

development of novel antimicrobial therapies, strengthening infection control 

protocols, and aiming to improve patient outcomes. Early studies 

predominantly investigated bacteria in their planktonic form, where they are 

in free-living mode in aqueous environments. This tenet was later challenged 

as studies suggested that in the majority of clinical cases, these 

microorganisms come together on a surface or air/liquid interface to form cell 

communities called a biofilm. This dissertation focuses on designing 

innovative biomaterials that can attack bacteria and biofilms from multiple 

angles. The first aim of this dissertation, discussed in Chapter 2, focuses on 

bacterial contamination in water recovery systems. Due to their moist 

environment and large surface area, water recovery systems provide favorable 

conditions for biofilm formation. Superparamagnetic iron oxide nanoparticles 

(IONPs) possess the unique ability to generate heat under an alternating 

magnetic field, a phenomenon known as hyperthermia. Additionally, IONPs 

can catalyze biocides such as hydrogen peroxide (H₂O₂) through Fenton and 

Fenton-like reactions, producing additional potent reactive oxygen species 

(ROS). These ROS agents enhance bacterial killing efficiency, allowing for 
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reduced biocide concentrations, which is particularly valuable given the 

toxicity concerns associated with biocide overuse. Towards this objective, I 

have synthesized IONPs and evaluated their antibacterial effects in the 

presence and absence of H₂O₂. My data demonstrates a synergistic effect: the 

combination of 3.65 mg/ml IONPs and 182.25 mM H₂O₂ results in a 90.2% 

reduction in bacterial viability after only one hour of exposure. The IONPs 

are also characterized and modified to ensure colloidal stability and 

superparamagnetism, preparing them for future studies involving 

hyperthermia-based biofilm disruption. The second and third aims focus on 

the design of a wound dressing for biofilm-infected wounds. Biofilm 

formation in wounds poses significant dangers by leading to chronic 

infections and hindering the natural healing process. Therefore, it is important 

to prevent biofilm formation or disperse already-formed biofilms. As a key 

intermediate in glycolysis, pyruvate serves as a vital metabolic precursor for 

biofilms. The second aim focuses on the synthesis of an alginate-based wound 

dressing loaded with pyruvate dehydrogenase (PDH) enzyme to disrupt 

biofilms. This aim is presented in Chapter 3 and includes comprehensive 

characterization of the hydrogel, as well as the evaluation of enzyme activity, 

release profile, and storage stability. The hydrogel is also tested against 
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biofilms and demonstrates a 40.94% ± 6.07 reduction in biofilm biomass 

compared to the media control. Biocompatibility testing indicates that the 

hydrogel meets ISO standards, exhibiting minimal cytotoxicity. The third 

aim, which is presented in Chapter 4, examines the effect of incorporating 

chitosan into the previously developed hydrogel to enhance its antibacterial 

activity. A series of formulations with varying weight ratios of oxidized 

alginate to carboxymethyl chitosan are prepared and their physicochemical 

and mechanical properties are evaluated. PDH is then loaded into the hydrogel 

formulation that exhibited the most favorable physio-mechanical 

characteristics. Interestingly, this chitosan-based hydrogel displays markedly 

different activity compared to its alginate-only counterpart, still reducing 

biofilm biomass by 22.51 ± 0.26% relative to the media control.   

1-2-  Bacterial Biofilms 

Biofilms are defined as communities of microorganisms that adhere to 

surfaces, displaying characteristics distinct from their planktonic 

counterparts. These communities are encapsulated within a self-produced 

matrix comprised of proteins, carbohydrates, and nucleic acids, which offer 

protection against various harsh environmental threats. The discovery of 

microbial biofilms goes back to Anton van Leeuwenhoek, who first observed 
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them on dental plaque through a primitive microscope [1]. Despite this early 

discovery, research into pathogenic bacteria focused predominantly on 

planktonic bacteria for centuries. Until the mid-20th century, the structured 

organization and development of biofilms were not the main focus of study 

[2]. Today, biofilms are recognized for their presence in diverse and complex 

ecosystems, including both natural and pathogenic environments. The 

surface-associated growth of biofilms significantly contributes to ecological 

diversity, offering a deeper insight into microbial life beyond planktonic 

cultures [3, 4]. Recent studies reveal that biofilms are more prevalent in 

clinical scenarios than previously thought. Despite recent advancements in 

biofilm research, there is still a vast expanse of knowledge to uncover about 

these complex microbial communities[5].  

Biofilms play crucial roles across various industrial sectors. In the dairy 

industry, the formation of biofilms can cause significant hygiene issues and 

economic losses due to the spoilage of food and causing equipment 

malfunction [6]. Biofilms are pervasive in water distribution systems and pose 

significant health challenges by acting as long-term reservoirs for pathogenic 

microorganisms. Within drinking water networks, these biofilms can harbor a 

range of hygienically relevant pathogens including Legionella species, P. 
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aeruginosa, Escherichia coli, enteric viruses, and protozoa [7]. Even when 

these pathogens are present in low concentrations in the water phase, they can 

attach to surfaces and persist for extended periods, sometimes in a viable but 

non-culturable state, which evades standard detection methods. This 

persistence creates a latent risk for human health, as pathogens can be released 

from biofilms intermittently, potentially leading to infections through 

ingestion, inhalation, or skin contact [7]. Moreover, microorganisms in 

biofilms catalyze chemical and biological reactions that cause metal corrosion 

in pipelines, tanks, and water recovery systems, and they can impair heat 

transfer efficiency in heat exchangers and pipelines, depending on thickness 

[8]. In the medical field, biofilms develop on various implants, such as 

catheters, and artificial hips, leading to infections that often require the 

removal of the implant. This not only increases patient trauma but also the 

cost of medical care. Biofilms contribute to an estimated 65% of hospital-

acquired infections, with the treatment of these infections costing over $1 

billion yearly [9, 10]. Biofilms in chronic wounds like diabetic foot ulcers 

make healing difficult by making the bacteria more reticent to antibiotics and 

the immune response [11, 12]. They can lead to persistent infections, chronic 

inflammation, and tissue damage [13]. Standard treatments often fail, as 
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biofilms resist removal and quickly reform after debridement. Clinically, these 

infections may lack obvious symptoms, making them hard to detect [14]. As 

a result, biofilm-laden wounds are more likely to become chronic, require 

amputation, and increase healthcare costs, highlighting the need for targeted 

anti-biofilm therapies. Despite over 70 years since biofilms were first 

reported, they continue to pose challenges in food safety, environmental, and 

biomedical fields.  

1-2-1 Complexities Upon Biofilm Formation 

Bacteria cells living in biofilms experience several benefits compared to those 

in a planktonic state. The biofilm lifestyle provides a shield against external 

conditions, creating stable microenvironments for the bacteria compared to 

the broader environment. This results in defense against fluctuating and 

adverse conditions like changes in pH, salinity, moisture, and UV light 

exposure. Additionally, biofilms offer protection to the bacteria from harmful 

substances, including metal ions and both natural and artificial antimicrobial 

compounds, as well as from being engulfed by predatory entities or attacked 

by host immune systems [15]. 

Besides the benefits that the biofilm growth mode provides in terms of 

phenotype, the characteristics of the surfaces to which bacteria attach also 
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offer advantages. Certain surface compositions have been identified to not 

only concentrate nutrients but also serve as a direct nutrient source for 

stationary bacteria [16]. Moreover, the physical features of surfaces play a role 

in biofilm formation, making surfaces more prone to bacterial attachment and 

more extensive coverage, which is attributed to decreased shear stress and a 

greater surface area available for colonization [17].  

As most bacteria develop in a biofilm, they produce signaling substances 

known as autoinducers [18]. The concentration of these molecules rises in 

relation to the density of bacterial cells [19]. Through a mechanism known as 

quorum sensing (QS), bacteria cells use these autoinducers to communicate 

with each other. QS is also believed to trigger gene expression in bacteria cells 

in response to changes in cell density [18]. When the concentration of these 

signaling molecules crosses a certain threshold, it triggers a change in gene 

expression across the bacterial community. This change affects a variety of 

physiological activities, including symbiosis, disease-causing capabilities, 

mating, production of antibiotics, movement, and biofilm development. Both 

Gram-negative and Gram-positive bacteria possess the ability to engage in 

QS; however, they use different types of molecules for this purpose [20, 21]. 
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Table 1 summarized the list of common bacteria species that can form biofilms 

in medically-relevant environments [22].  

Table 1 List of bacteria species capable of forming biofilm infection in body. Table adapted from [22, 23]. 

Bacteria Gram stain Description Common Site of Infection in body 

E. coli - Rod-shaped 

Urinary Tract, Intestines, Medical 

Devices, and Wounds 

 P. aeruginosa - Rod-shaped 

Lungs, Wounds, Medical Devices, Urinary 

Tract, Ears, and Eyes  

S. aureus + 

Round in 

shape 

Skin and Soft Tissue, Wounds, Medical 

Devices, Bone, Endocardium, Respiratory 

Tract, and Urinary Tract 

S. epidermidis + cocci 

Medical Devices, Surgical Sites, 

Prosthetic Joints, Central Nervous System 

Shunts, Heart Valves, and Intravenous 

Catheters 

E. cloacae - Rod-shaped 

Medical Devices and Implants, 

Respiratory Tract, and Urinary Tract 

K. pneumoniae - Rod-shaped 

Respiratory Tract, Urinary Tract, Wounds, 

Medical Devices, and Bloodstream 

 

1-2-2  Biofilm Tolerance to Antibiotics 

Current potential treatments for biofilm-associated infections typically 

combine traditional antibiotics with other strategies of killing. These 
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strategies range from the use of antibacterial nanoparticles (NPs) alongside 

antibiotics to more advanced approaches such as inducing biofilm dispersion, 

photothermal therapy, and hyperthermia, which are discussed in greater detail 

in Section 1-3. Antibiotics are classified as either bacteriostatic, which halts 

bacterial growth, or bactericidal, which directly kills bacteria. Generally, 

antibiotics target bacteria by interfering with cell wall biosynthesis, protein 

synthesis, or DNA replication and repair [24]. Bacteria resist these effects 

through mechanisms such as efflux pumps, enzyme deactivation, and altering 

antibiotic targets [25]. The effectiveness of antibiotics largely depends on their 

concentration; as they must penetrate and accumulate within the bacterial cell 

membrane until they reach a sufficient concentration for efficacy. Therefore, 

bacterial structure is an important determinant of antibiotic efficacy. Gram-

negative bacteria like E. coli and P. aeruginosa have a thin peptidoglycan 

layer sandwiched between an outer membrane and a cytoplasmic membrane, 

whereas Gram-positive bacteria like S. aureus have a thick peptidoglycan 

layer next to the cytoplasmic membrane [26].  

While the exact mechanisms are not well understood, multiple theories 

explain antibiotic tolerance in biofilms. One of the first hypotheses was that 

the extracellular polymeric substance (EPS) acts as a diffusion barrier, 
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restricting antibiotic penetration to bacterial cells within biofilms [19]; 

however, newer research challenges this view [27, 28]. Another hypothesis 

posits that antibiotics become ineffective before reaching the bacterial cells, 

as they bind to the biofilm's polysaccharides, proteins, and DNA. Moreover, 

genetic material from lysed cells, such as plasmids, accumulates in the 

confined space of biofilms, enhancing gene transfer among bacteria. These 

plasmids often carry genes for antibiotic resistance, such as those encoding 

carbapenemases, which degrade many β-lactam antibiotics [29, 30]. 

Additionally, biofilm bacteria in the innermost regions have reduced 

metabolic activity due to limited oxygen and nutrient access, rendering 

antibiotics targeting metabolic activities less effective [31]. For example, 

antibiotics like penicillin that disrupt cell wall synthesis can be ineffective if 

the target bacteria are not actively growing. 

Given the persistent challenges in treating biofilms and the limitations of 

conventional antibiotics, there is a significant opportunity for innovation 

through the use of nano-biotechnology. Traditional antibiotics often fail due 

to the protective nature of the biofilm matrix, reduced bacterial activity within 

the biofilm, and enhanced horizontal gene transfer that promotes tolerance. To 

overcome these barriers, this dissertation explores three biomaterial-based 
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systems designed to disrupt biofilms more effectively: one aimed at 

eliminating bacterial contamination and biofilms in water systems (chapter 2), 

and the other two tailored for treating wound-associated biofilms (chapter 3, 

and 4). These platforms are developed to provide alternative therapeutic 

mechanisms beyond those offered by antibiotics. 

1-2-3 P. Aeruginosa: A Model Pathogen for Biofilm Research and 

Clinical Challenge 

P. aeruginosa is a Gram-negative facultative anaerobe bacterium which has 

been classified as an opportunistic pathogen and extensively studied as a 

model for biofilm research [32]. This bacterium can persist in water, on 

various surfaces, and on medical devices by utilizing its strong adhesion 

mechanisms, including flagella, pili, and biofilm formation [33]. As a result, 

P. aeruginosa is commonly found in both natural and artificial environments. 

P. aeruginosa is a highly adaptable organism, rapidly developing tolerance 

against antibiotics and generating numerous virulence factors [34]. 

Despite the development of various anti-Pseudomonas antibiotics, P. 

aeruginosa continues to result in significant morbidity and mortality and is 

challenging to manage due to its widespread and evolving antibiotic tolerance 

[35]. This pathogenic bacterium poses a significant threat to 
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immunocompromised patients, partly due to its capability to bypass both 

innate and adaptive immune defenses through adhesion, colonization, and 

biofilm formation [32]. Additionally, it produces virulence factors that lead to 

considerable tissue damage [36]. P. aeruginosa ranks third for urinary tract 

infections (UTIs) linked to catheters. Recent U.S. surveillance (2018–2021), 

published by Centers for Disease Control and Prevention (CDC), shows P. 

aeruginosa is the third most frequent Catheter-Associated UTIs pathogen 

(after E. coli and Klebsiella), accounting for roughly 13–16% of catheter-

associated UTI cases [37]. P. aeruginosa is ranked as the fifth most common 

pathogen associated with hospital-acquired infections (HAIs) reported to the 

CDC's National Healthcare Safety Network, accounting for approximately 

8% of all HAIs [37]. P. aeruginosa was found in about 13% of burn patients, 

showing the highest sensitivity to Imipenem and the greatest resistance to 

Gentamycin; notably, one-third of the isolates were multidrug-resistant [38]. 

This pathogen is responsible for high mortality rates in patients suffering from 

neonatal infections, cancer, and severe burns [39].  

The biofilm development cycle of P. aeruginosa has been extensively studied 

and characterized in a stage-specific manner, depicted in Figure 1. The process 

initiates with attachment to the surface, proceeds with maturation and QS, and 
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is finally followed by dispersal [40-42]. Formation of EPS and QS are known 

to be two signs of matured biofilms. 

 

Figure 1 Schematic of biofilm formation, modified from [22] (Created with BioRender.com) 

1-3-  Nanoparticle-Based Strategies to Overcome 

Biofilm-Associated Therapeutic Challenges 

Mature biofilms account for over 80% of bacterial infections, which has 

turned them to one of the most formidable challenges of modern medicine 

[43]. This complexity highlights the urgent demand for developing innovative 

therapeutic techniques to overcome the restrictions of traditional strategies. 

Nanoparticles have demonstrated unique advantages, such as their capacity to 

penetrate biofilm barriers, disrupt biofilm architecture, and specifically target 

bacterial cells through mechanisms like interference with QS and inhibition 

of efflux pumps [44]. The use of nanoparticles in the field of biofilm and 

bacterial treatment falls into two main categories: those used as carriers, and 
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those that can kill bacteria or biofilms through various mechanisms. Among 

the latter group, nanoparticles may possess intrinsic antibacterial properties, 

such as those exhibited by metal-based nanoparticles. Additionally, they can 

induce bacterial cell death through other mechanisms like hyperthermia or 

photodynamic therapy. These methods are briefly explained in the following 

paragraphs; however, more detailed discussions can be found in several recent 

review papers, including one on which I was lead author in the journal of ACS 

Omega in 2024 [22, 45-49].  

1-3-1-1 Metallic Nanoparticles 

For years, silver nanoparticles (AgNPs) stand out as the most widely studied 

metallic antimicrobial agents, demonstrating antibacterial activity against E. 

coli, S. aureus, and P. aeruginosa [50]. In water treatment, AgNPs effectively 

disinfect bacterial contaminants [51]. Although Ag has demonstrated 

significant antimicrobial efficacy both in vitro and in vivo, when incorporated 

into dressings, it does not exhibit strong antibiofilm activity. Moreover, silver 

can be cytotoxic to host cells at high concentrations, making controlled release 

essential [52]. Silver released from a wound dressing can penetrate intact 

porcine dermis and cause DNA damage in cells, potentially impeding wound 

healing [53]. There is also evidence showing that silver is less effective against 
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Gram-positive bacteria and lacks the ability to improve healing rates [54]. 

This is significant since, in most clinical cases, biofilms contain many 

bacterial strains, usually including both Gram-positive and Gram-negative. 

Gold nanoparticles (AuNPs) exhibit antibiofilm effects by impairing bacterial 

metabolism and inhibiting EPS production, particularly against P. aeruginosa 

and Aeromonas hydrophila, though their shape and size variations can 

profoundly impact their antibacterial effectiveness. This variability in shape 

and size may pose additional challenges for scaling up to industrial production 

[55]. IONPs disrupt biofilm integrity via EPS interference and catalytic ROS 

generation [56]. IONPs offer the ability to be guided or activated by external 

magnetic fields, allowing targeted treatment. One of their main advantages in 

water treatment is that they can be easily separated using a magnetic field after 

the treatment.  

  

1-3-1-2 Advanced Nanoplatforms 

Metal-organic frameworks (MOFs) are crystalline nanoporous materials made 

of metal ions/clusters bridged by organic ligands. This hybrid structure 

endows them with large surface areas and functional pores. In antibiofilm 

applications, MOFs act through a combination of metal ion release and 
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catalytic/reactive actions. As MOFs degrade, they release antimicrobial metal 

ions (such as Ag+, Cu2+, Zn2+) that can disrupt bacterial cells and biofilm 

integrity – metal ions damage cell membranes and interfere with microbial 

enzymes and DNA, much like conventional metal nanoparticles [57]. 

However, MOFs can degrade rapidly in aqueous or physiological conditions. 

While a degree of degradation is desired for releasing antimicrobial agents, 

uncontrolled disintegration can lead to burst releases of metal ions that may 

be cytotoxic to host tissue or harmful to aquatic life [57]. 

Liposomes are nanoscale phospholipid vesicles that can encapsulate both 

hydrophilic and hydrophobic antibiofilm agents and fuse with bacterial 

membranes, delivering their payload directly into biofilm cells [58, 59]. Their 

high biocompatibility, drug-solubilizing capacity, and ability to co-deliver 

multiple antimicrobials make them effective in both wound dressings and 

water treatments. The main concern about liposomes is that they may leak or 

be destroyed in the presence of serum, extreme pH, or other environmental 

stresses.   

1-3-1-3 Photothermal & Hyperthermia-Based Nanoparticles 

These therapies employ NPs as converters of external energy (light or 

magnetic fields) into heat to thermally destroy biofilms. In photothermal 
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therapy (PTT), NPs (commonly gold nanostructures, carbon nanotubes, or 

copper sulfide NPs) absorb infrared or near-infrared light and rapidly convert 

it into heat. This localized heating (often raising temperatures by 20–30°C) 

can kill bacteria and disrupt the biofilm matrix within minutes [60]. In 

magnetic hyperthermia, magnetic nanoparticles (like superparamagnetic 

IONPs) are introduced to the biofilm and then an alternating magnetic field is 

applied. Through a phenomenon called hyperthermia, alternating magnetic 

fields cause a localized increase in the temperature of NPs, leading to lethal 

thermal damage to biofilms [61].  

1-3-1-4 Biofilm Dispersion Inducers 

Biofilm dispersion represents a critical natural phenomenon where sessile 

bacteria convert to free-swimming planktonic cells, offering therapeutic 

opportunities for infection control. The fatty acid signaling molecule cis-2-

decenoic acid (cis-DA) is naturally produced by P. aeruginosa at 2.5 nM 

concentrations and induces dispersion across diverse bacterial species 

including E. coli, Klebsiella pneumoniae, Proteus mirabilis, and S. aureus at 

concentrations ranging from 310 nM to 10 mM [62]. Nitric oxide (NO) serves 

as another potent dispersion inducer, with NO donors like sodium 

nitroprusside achieving 63% average biofilm surface reduction at picomolar 
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to low nanomolar concentrations [63]. Enzymatic dispersants target specific 

EPS components, with dispersin B degrading poly-N-acetylglucosamine 

(PNAG) in biofilms of Gram-positive and Gram-negative bacteria, while 

DNase I disrupts extracellular DNA networks in 15 of 17 tested bacterial 

species [64]. These dispersion strategies can be enhanced through 

nanoparticle delivery systems that provide controlled release, improved 

biofilm penetration, and protection from enzymatic degradation while 

ensuring targeted therapeutic action. 

In this work, two of these approaches were selected as treatment methods 

against bacterial presence in water sources and wound environments.  

1-4- Aim1- IONPs and Hyperthermia 

IONPs have been used in various research fields including biomedicine, 

environmental science, and material technology. Their importance lies in their 

unique physicochemical properties, including high surface area-to-volume 

ratio, magnetic properties, and reactive surface sites. These properties enable 

IONPs to be widely used as magnetic resonance imaging (MRI) contrast 

agents [65], drug delivery [66], antimicrobial agents [67], detection devices 

[68], and separating environmental pollutants [69]. In this dissertation, I am 

interested specifically in using IONPs for their antibacterial properties. In the 



 20 

following section, I explore how IONPs exert antimicrobial effects and how 

they can be applied to effectively kill bacterial cells.  

1-4-1 Antibacterial Mechanism of IONPs  

Whether IONPs are inherently antibacterial is a subject of dispute. Some argue 

that IONPs show dose-dependent antibacterial properties against both Gram 

positive and negative bacterial strains [70]. This effect is attributed to their 

ability to directly interact with bacterial membranes, causing structural 

disruption and increased permeability. The antimicrobial efficacy of IONPs is 

size-dependent, with smaller particles offering a higher surface area-to-

volume ratio. This increases contact with bacterial membranes, enhancing 

damage through electrostatic interactions [71]. When synthesized at small 

sizes (10–20 nm), IONPs can penetrate bacterial membranes and attach to cell 

surfaces [71]. Bacterial membranes consist of a phospholipid bilayer with 

embedded proteins and carry a net negative charge due to electronegative 

phospholipids and lipopolysaccharides [72]. Depending on their surface 

charge, IONPs interact electrostatically with these membranes. Therefore, 

surface charge modification such as coating IONPs with molecules like 

citrate, gallic acid, and oleic acid can be used to tune their electrostatic 

behavior and thus their antimicrobial performance [73, 74]. Positively charged 



 21 

IONPs demonstrate enhanced antimicrobial activity compared to negatively 

charged variants due to stronger electrostatic interactions with negatively 

charged bacterial membranes [75]. The antibacterial properties of IONPs can 

also differ with the oxidation states of these nanoparticles; for instance, Fe3O4 

NPs do not show bactericidal activity against E. coli compared to Fe NPs, Ag 

NPs, or FeSO4 NPs [76]. Studies performed on various bacterial species such 

as Salmonella typhimurium, Salmonella Typhimurium, E. coli, and 

Micrococcus luteus, show that IONPs do not have toxicity to bacterial 

genomes and do not impact bacterial growth [77, 78]. Moreover, in certain 

cases, particularly with P. aeruginosa, IONPs have been reported to promote 

bacterial growth and biofilm formation [79, 80].  

Although IONPs may not exhibit strong intrinsic antimicrobial effects, they 

can enhance the antibacterial activity of co-administered agents such as 

hydrogen peroxide through the Fenton reaction. During this process, iron 

catalyzes the conversion of hydrogen peroxide into hydroxyl radicals, which 

then generate superoxide anions, which are more potent ROS. These ROS 

damage bacterial cells by peroxidizing membrane lipids, degrading DNA, and 

interfering with replication, transcription, and translation [81].  
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When Fe₃O₄ IONPs are smaller than 30  nm, they exhibit superparamagnetic 

behavior, meaning they become magnetized only in the presence of an 

external magnetic field and show no residual magnetization once the field is 

removed [82]. Under an alternating magnetic field (AMF), these nanoparticles 

generate localized heat (magnetic hyperthermia). Interestingly, biofilm 

dispersion in P. aeruginosa can also be induced by thermal stress. An increase 

in temperature by 8 °C, from 37 °C to 45 °C, is enough to trigger a 3.3-fold of 

biomass dispersion, largely mediated by the downregulation of the secondary 

messenger cyclic di-GMP [83, 84]. When superparamagnetic IONPs at a 

concentration of 60 mg/mL are exposed to an AMF with a strength of 3 kA/m 

(approximately 37.7 Oe) and a frequency of 492 kHz, the temperature rises to 

62.3 °C after 8 minutes. This increase in temperature is sufficient to achieve 

4-log reduction in P. aeruginosa PAO1 biofilm biomass [85]. The second 

chapter of this dissertation discusses the synthesis of superparamagnetic 

IONPs and their antibacterial properties in the presence of hydrogen peroxide. 

These nanoparticles are designed to function as part of a broader strategy, in 

which they are applied to biofilms in combination with hydrogen peroxide 

and exposed to an AMF to maximize antibacterial efficacy.  
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1-4-1 Synthesis of IONPs 

The synthesis conditions of IONPs can dictate shape, size, structure, colloidal 

stability, and magnetic properties. Depending on the application, these 

properties can be critical and need to be engineered to perform as desired. In 

this section, we highlight some of the most widely used synthesis methods for 

IONPs; more detailed information can be found in the literature [86-90].  

Common synthesis methods of IONPs can be divided into chemical methods, 

physical methods, and biological methods. The chemical methods are the most 

common synthesis method for IONPs, and are used in 90% of cases [91]. 

Chemical methods can be subcategorized into co-precipitation, thermal 

decomposition, micro-emulsion, and hydrothermal synthesis. These methods 

are simple and effective, allowing for control over the size, composition, and 

the shape of the nanoparticles [92]. Physical methods are gas-phase 

deposition, electron beam lithography, power ball milling, laser-induced 

pyrolysis, and pulsed laser ablation. Although physical methods typically 

yield high precision and purity, the complexity of engineering the particle size 

and structure makes these methods very complicated and costly. Especially 

when it comes to nanosized particles, size management in these methods can 

be challenging [92]. Biological synthesis methods mainly utilize microbial 
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enzymes or plant phytochemicals and fall under the subfield of green 

chemistry. 

Out of the available chemical synthesis methods, thermal decomposition 

offers precise control over particle size and crystallinity by decomposing 

organometallic precursors in high-boiling organic solvents, often resulting in 

highly uniform IONPs with excellent magnetic properties [93-95]. However, 

it relies on toxic solvents and produces water-insoluble particles that require 

post-synthesis modification for biological use [96, 97]. Microemulsion is 

another technique, which utilizes nanoscale reactors formed by surfactant-

stabilized emulsions to control particle size, offering tunable and 

monodisperse IONPs [98, 99]. Despite its versatility, this method faces 

challenges in scalability and biocompatibility due to high surfactant and 

solvent use [97]. Hydrothermal synthesis uses high temperature and pressure 

in sealed vessels to form crystalline IONPs with tunable morphology, but 

requires costly, high-pressure reactors and long reaction times [92, 97, 100, 

101]. Given the trade-offs associated with these methods, in this study I used 

co-precipitation as a scalable, aqueous-based synthesis approach that offers 

good control over particle composition and size. This method is particularly 

well-suited for biomedical applications due to its biocompatibility, low-



 25 

temperature processing, and the absence of toxic organic solvents, making it 

a strong candidate for generating IONPs intended for antibacterial and 

biofilm-disrupting purposes. 

1-4-1-1 Co-precipitation 

Co-precipitation commonly mixes ferric and ferrous ions in a 2:1 molar ratio 

in a highly basic solution, often at room or elevated temperature, to precipitate 

iron oxide directly from solution. The process typically employs common 

bases like sodium hydroxide or ammonia to initiate precipitation of iron 

hydroxide intermediates, which then dehydrate to form magnetite (Fe3O4) or 

convert to hematite (α-Fe2O3) upon further oxidation. The size, shape, and 

colloidal stability of synthesized IONPs depend on type of the salt used, ferric 

to ferrous ion ratio, reaction temperature, pH, stirring rate, kind of base, and 

rate of addition of the base solution [98]. While the method allows for rapid 

large-scale production and has even been used to synthesize U.S. Food and 

Drug Administration (FDA)-approved MRI contrast agents, it can sometimes 

produce particles with broad size distributions and variable morphologies, 

depending on the reaction conditions. Despite these challenges, the ease of 

manipulating conditions to influence particle characteristics and the ability to 

introduce surfactants to control agglomeration make co-precipitation 
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particularly advantageous for producing IONPs intended for hyperthermia, 

where particle size and magnetic properties are critical. Recent adaptations in 

the method have focused on refining particle properties through careful 

control of reaction parameters, further enhancing the suitability of the method. 

In fact, data from this project resulted in a manuscript published about the 

impact of the ammonium hydroxide flow rate on the size and colloidal 

stability of IONPs in the journal of Colloids and Surfaces A: Physicochemical 

and Engineering Aspects [102]. Although this article is not included in the 

dissertation, the knowledge gained from it contributed to the synthesis of 

nanoparticles used in Chapter 2. 

1-4-2 Antibacterial Properties of Hydrogen Peroxide 

Hydrogen peroxide (H₂O₂) is widely employed as a biocide across medical, 

food, and environmental industries due to its strong antimicrobial activity. 

This activity stems from its oxidative nature, which enables it to damage 

essential biomolecules such as proteins, lipids, and nucleic acids [103]. As a 

ROS, H₂O₂ contributes to cellular damage through oxidative stress, 

particularly at high concentrations. While ROS, including superoxide anions 

(O₂⁻), singlet oxygen (¹O₂), hydroxyl radicals (•OH), and hydrogen peroxide, 

are naturally generated as metabolic byproducts in aerobic organisms, 
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excessive ROS can overwhelm cellular antioxidant defenses, leading to 

irreversible damage and inflammation [104, 105]. 

ROS have demonstrated broad-spectrum antibacterial properties against both 

Gram-positive and Gram-negative bacteria in both in vitro and in vivo models. 

However, despite their efficacy, the application of H₂O₂ in biological or 

environmental systems must be carefully controlled. High concentrations can 

be toxic to non-target organisms, including humans [106]. For instance, 

ingestion of H₂O₂ solutions above 3% (approximately 880 mM) is harmful, 

and even lower doses may lead to adverse effects if exposure is prolonged 

[107]. 

In the Chapter 2, I investigate the hypothesis that IONPs can enhance the 

antibacterial efficacy of H₂O₂, thereby enabling the use of lower, less toxic 

concentrations. To improve colloidal stability and facilitate interaction with 

H₂O₂, IONPs are coated with polyacrylic acid (PAA). Our findings 

demonstrate that this surface modification improves nanoparticle dispersion 

and modulates the interaction between IONPs and hydrogen peroxide, 

contributing to enhanced antibacterial performance.  
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1-5- Wounds 

Wounds are disruptions in skin integrity and function caused by various 

factors such as burns, surgery, diabetes, and trauma. Wound healing is a 

complex and dynamic process including the repair of tissue layers and cellular 

structures. The wound healing process can be categorized into the following 

stages: hemostasis, inflammation, proliferation, and remodeling [108]. During 

hemostasis, the body responds to injury by aggregating platelets and 

constricting blood vessels to form a clot and stop bleeding. The inflammation 

phase begins almost simultaneously, characterized by vasodilation that 

enables immune cells like neutrophils and monocytes to reach the injury site. 

Monocytes differentiate into macrophages, releasing growth factors and 

cytokines that attract fibroblasts, endothelial cells, and keratinocytes. The 

proliferation phase, which starts 2-3 days post-injury, involves fibroblast 

proliferation and collagen deposition [109]. During the final remodeling stage, 

the collagen matures and reorganizes to form stronger tissue, effectively 

restoring the skin’s integrity [109]. As the main focus of this work is not on 

wound healing, I will not delve further into the details. However, many articles 

in the literature extensively discuss this topic [110-112]. 
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Wounds are classified into two main categories: acute and chronic. Acute 

wounds, resulting from trauma such as cuts, burns, or surgical incisions, 

typically heal within 8 to 12 weeks. Chronic wounds, on the other hand, can 

take longer than 12 weeks to heal and are often associated with age, obesity, 

injuries, and chronic conditions like diabetes and cancer [113, 114]. The main 

difference between chronic and acute wounds is that chronic wounds remain 

in the inflammatory stage for a prolonged period of time. Biofilms are a 

significant factor contributing to the chronicity of wounds. In one study, 

among 50 tested chronic wound cases, biofilms were present in 60% of 

chronic wound specimens, compared to only 6% of acute wound specimens 

[115]. In a systematic review that includes 185 chronic wounds cases, biofilms 

existed in 78.2% of chronic wounds [116]. Based on a comprehensive 

literature review of global studies published between 2005 and 2022 on the 

microbiological profiles of chronic wound infections, P. aeruginosa 

consistently ranked as the second most common pathogen across all major 

continents, except South America, highlighting its global significance [117]. 

1-6- Biofilm Development Cycle  

As mentioned in Section 1-2-3, biofilm formation for many strains of bacteria 

follows a cycle that commences with the attachment of planktonic bacteria 
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onto a surface in a moist environment. Subsequently, EPS production starts. 

By this stage, the bacteria within the biofilm have undergone phenotypic 

changes due to altered gene transcription and cell-to-cell interactions [118]. 

EPS primarily composed of polysaccharides, proteins, nucleic acids, and 

lipids, accounts for about 90% of the total biomass. This EPS structure serves 

as a network for the exchange of nutrients, oxygen, and waste with the 

surrounding fluid, adding to the complexity of mature biofilms [119, 120]. 

The exact role of the EPS is still under study, but there is no doubt that its role 

is significant in biofilm growth. EPS physically holds the bacterial cells 

together, facilitates communication between cells and gene expression, 

provides protection to bacterial cells against immune cells and antibiotics, and 

also supplies nutrients to bacterial cells that exist in nutrient-limited and 

electron-rich environments [121-123]. As the biofilm continues to grow, the 

availability of oxygen and nutrients decreases, while the accumulation of toxic 

waste products increases. In response, the biofilm begins to detach from the 

surface and migrate to a new site to form again. A deeper understanding of 

this process could open up opportunities to facilitate the dispersion of biofilm 

cells, avoiding the challenges of confronting a well-protected structure. 
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1-6-1 Biofilm Dispersion 

Biofilm dispersion can be categorized into two main groups depending on the 

trigger: passive and active. Passive dispersion refers to the direct removal of 

cells from the biofilm, independent of bacterial responses. It can be induced 

by the external environment, such as shear stress, abrasion, and human 

intervention. However, during active dispersion, the biofilm actively initiates 

the dispersion process in response to a trigger [124]. More information on 

various biofilm dispersion triggers can be found in the literature [124]. In the 

chapter 3 and 4 of this work, I focus on biofilm dispersion through conditions 

induced by pyruvate depletion. 

1-6-2 Pyruvate Fermentation in P. aeruginosa Biofilms 

When P. aeruginosa is in biofilm growth mode, it often faces a stressful 

environment, particularly at the core of a biofilm. This environment is 

typically electron-rich and oxygen-limited. P. aeruginosa cells prefer aerobic 

conditions for growth; consequently, biofilm bacteria in oxygen-limited zones 

must adapt to alternative energy sources for proliferation. The proliferation of 

P. aeruginosa in such anaerobic environments is supported by denitrification 

and arginine fermentation [125]. In denitrification, nitrate or nitrite is used as 

an alternative to oxygen for electron acceptance. When denitrification is 



 32 

unavailable, arginine can serve as a substrate to support anaerobic growth. 

When arginine and denitrification electron acceptors are absent, P. aeruginosa 

cannot grow; instead, it ferments pyruvate to maintain anoxic survival by 

producing lactate, acetate, and succinate [126]. P. aeruginosa demonstrated 

over 90% survival for 15 days in an anoxic environment with 20 mM 

pyruvate, in contrast to conditions without pyruvate, where survival fell below 

10% over the same period [126]. Addition of pyruvate subsequently promotes 

P. aeruginosa biofilm development; however, its depletion from the growth 

media impairs biofilm formation [127].  

As demonstrated in Figure 2A, biofilms treated with PDH exhibited a 

significant reduction in CV-stainable biofilm biomass compared to untreated 

ones. Specifically, a 2.2-fold decrease in biomass occurred with a 5mU 

exposure, while 10 and 20 mU exposures resulted in an average 2.9-fold 

decrease. Furthermore, as shown in Figure 2B, P. aeruginosa biofilms treated 

with PDH not only showed a substantial reduction in biofilm biomass but also 

developed microcolonies with central voids. Such void formation, previously 

linked to natural biofilm dispersion marking the final stage of biofilm 

development, indicates that the bacteria initially adhered to surfaces 

transitioned back to a planktonic state. Clinical isolates of P. aeruginosa from 
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different infection sites like the urinary tract, burn wounds, and the lungs of 

cystic fibrosis patients also dispersed upon PDH exposure (Figure 2C). 

Moreover, further in vitro studies in our lab displayed that PDH treatment led 

to a 40% reduction in S. aureus biofilm biomass. PDH was tested in a porcine 

wound model, which is the standard for evaluating therapeutic agents due to 

the similarity between pig and human skin in wound healing processes, as 

depicted in Figure 2D,E. In this model, wounds infected with P. aeruginosa 

biofilms showed approximately a 2-log decrease in biofilm populations 

following PDH exposure alone, after 3 and 6 days of infection, akin to the 

results from tobramycin treatment. Combining 200 mU PDH with tobramycin 

resulted in more than a 4-log reduction in both biofilm (Figure 2D) and 

planktonic bacteria (Figure 2E), significantly outperforming the clinical 

standard silver sulfadiazine, which achieved about a 1-log reduction. 
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Figure 2 (A) Remaining biofilm biomass following exposure to 5, 10, and 20 mU PDH, as determined using CV 

staining. Inset, CV-stained biofilms prior to and post treatment with PDH. (B) Confocal images of gfp-PAO1 showing 

PDH-induced biofilm dispersion. (C) PDH induces dispersion of P. aeruginosa biofilms strains PAO1, PA14, and 

clinical strains (from cystic fibrosis lung, chronic wounds, urinary tract).  In vivo efficacy of PDH and tobramycin (100 

µg/ml) on P. aeruginosa (D) biofilm and (E) planktonic populations in wounds at 3 and 6 days post-infection, n=9. All 

conditions are statistically different (p<0.05) from untreated control. **Combination of antibiotic and PDH differs 

significantly (p<0.05) from PDH or tobramycin alone. Adapted from Goodwine et al. [128]. Copyright acquired from 

Nature (Open Access). 

Although the exact mechanism behind biofilm dispersion through addition of 

PDH enzyme is still under investigation, we propose the hypothesis that 

follows. Biofilms have three main metabolic zones (Figure 3). At the surface, 

where there is an abundance of oxygen, the biofilm's energy is provided 

through cellular respiration, in which each glucose molecule is converted into 

two molecules of pyruvate. In the center of the biofilm, however, there exists 

an electron-rich, oxygen-limited condition. The pyruvate generated at the 
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surface then diffuses to the center, where it undergoes pyruvate fermentation 

to generate the ATP required for biofilm maintenance. The presence of PDH 

not only consumes the generated pyruvate but also introduces additional 

electrons and stress to the biofilm, causing it to disperse. The main superiority 

of this method over other approaches lies in its demonstrated effectiveness 

against both Gram-positive and Gram-negative bacterial species. Moreover, 

our lab’s previous data showed that it not only disperses already-established 

biofilms but also prevents the formation of new biofilm colonies [128, 129]. 

During next two aims, I will investigate two different hydrogel systems as 

matrices for the PDH-loaded wound dressings.  

 

Figure 3 Biofilm dispersion process by PDH enzyme. Created using Biorender.com 
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1-7-  Wound Dressings 

Traditionally, wound dressings were passive, serving merely as a barrier layer 

to protect against further damage. With a better understanding of the wound 

healing process and the dangers posed by pathogens, such as bacterial 

infections, scientists have begun to develop new dressings, including 

hydrocolloids and hydrogels. Newly developed wound dressings can not only 

provide a protective barrier and maintain the most environment but also 

simultaneously control infection and induce cell proliferation [130]. The most 

common biopolymers used in the wound dressing industry are alginate, 

chitosan, gelatin, and cellulose. These biopolymers have demonstrated the 

fundamental properties required for a wound dressing, including excellent 

exudate absorption capacity, inherent biocompatibility and promotion of 

tissue regeneration, and effective maintenance of a moist wound environment. 

When paired with nanoparticles, peptides, enzymes, etc., wound dressings can 

be enhanced with antibacterial properties [130, 131]. Biopolymers such as 

alginate can be fabricated into a variety of forms, including hydrogels [132], 

films [133], sponges [134], and fibrous dressings [135]. Among them, 

hydrogels with high water absorption capacity have attracted more attention 

during the past few years. Due to their non-adhesive nature, capacity to retain 
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most environment, and similarity in flexibility to living tissues, biopolymer 

hydrogels are an ideal choice for many healing wounds [136, 137].  

1-8- Aim2- Alginate Wound Dressing for Biofilm Infected 

Wounds 

1-8-1  Alginate Structures and Properties 

Alginate, a linear anionic polysaccharide sourced from brown algae or 

bacteria, is composed of a block of (1,4)-linked β-D-mannuronic (M) and -

L-guluronic (G) residues of varying sequence depending on the tissue or 

organism that it is isolated from (Figure 4). The physical properties of alginate 

are largely dictated by the composition and sequence of its two monomer 

units: G, and M. G blocks have a strong affinity for divalent cations such as 

Ca²⁺, which enables the formation of stiff, ionically crosslinked hydrogels via 

the well-known "egg-box" structure [138]. As the G content increases, so does 

the gel stiffness and crosslinking efficiency, making high-G alginates 

particularly suited for load-bearing applications [138]. In contrast, M blocks 

contribute to higher flexibility and softness in the gel matrix. Alginate chains 

with predominantly M blocks or alternating MG sequences exhibit weaker 

and less binding to Ca²⁺, resulting in softer, more elastic gels [139]. Thus, the 
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G:M ratio is a critical design parameter for tuning the mechanical properties 

of alginate-based hydrogels. 

 

 

Figure 4 The conformation of monomers and blocks distribution of alginate. Adapted from Abasalizadeh et al. [140]. 

Copyright acquired from Springer Nature (Open Access) 

Alginate's excellent biocompatibility, hydrophilicity, and strong liquid-

absorbing capacity make it an attractive choice for wound dressing 

applications. Many alginate based products have been approved by the FDA 

for food, pharma, and medicine (wound, bone) applications [141]. In the case 

of wound dressings, alginate can trigger macrophage activation and prompt 

monocytes to release interleukin-6 (IL-6) and tumor necrosis factor α (TNF-

α), which helps speeding up the healing of chronic wounds during the 

inflammation stage [142]. Figure 5 illustrates the rise in the number of 

publications on alginate for wound dressing applications from 2010 to 2025. 
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Alginate can be applied as wound dressings in various forms including 

hydrogels, films, foams, nanofibers, membranes, and sponges; here I focus on 

their application as hydrogels.  

 

Figure 5 Number of publications during the last decade on Alginate used for wound dressing applications according to 

Web of Science database acquired in Jan 2025. 

1-8-1 Alginate’s Limitation as a Wound Dressing 

Although alginate hydrogels possess many desirable properties for wound 

dressings, such as biocompatibility, non-immunogenicity, excellent 

absorption capacity, and the ability to maintain a physiologically moist 

environment, they also have an inherent disadvantage. Bacterial infections, 

particularly biofilm-related infections, remain one of the most significant 

challenges in wound care and broader medical settings. Alginate hydrogels 

lack intrinsic antibacterial properties. In fact, evidence show that alginate can 
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even promote the development of bacterial communities known as biofilms. 

As shown in Figure 6, various commercially available wound dressings have 

been exposed to mature P. aeruginosa (PAO1) biofilms [143]. Among all the 

wound dressings tested, calcium alginate (Ca-alginate) significantly increased 

biofilm biomass by 1.975 and 3.194 log CFU/ml after 24 and 72 hours of 

exposure, respectively. This increase in biofilm growth was even more 

pronounced than that observed with wet gauze. Further details of this study 

and other studies on this topic are discussed in the introduction of chapter 3, 

and 4.  

 

Figure 6 Bacterial load found after a) 24-hour b) 72-hour continuous exposure to a single application of antimicrobial 

and moisture dressings on mature 3-day PAO1 biofilm cultured on 12-mm porcine explants (after 24-hour pre-

treatment with antibiotics prior to exposure to dressings). The data is reported as CFU/ml found in the bacterial 

suspension after sonication of each explant in 7 ml phosphate-buffered saline (PBS) with 5 µl/l Tween-80. Top blue 

box: non-antimicrobial treatments; middle red box: iodine treatment and bottom black box: silver treatment [143]. 

Copyright acquired from Wiley (Open Access). 
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1-8-2 PDH-Encapsulated Alginate: A Novel Hydrogel for Biofilm 

Disruption 

As detailed in Section 1-6-2, our previous studies demonstrated that PDH can 

significantly reduce biofilm biomass in both in vitro and in vivo models. 

However, direct application of free enzyme in clinical settings poses practical 

challenges. To address this, we developed a novel hydrogel system that, for 

the first time, encapsulates PDH within the polymer matrix. When applied to 

a biofilm, pyruvate produced by the bacteria, along with co-factors present in 

the surrounding medium, diffuses into the porous hydrogel and reacts with the 

enzyme (Figure 7). This design enables localized enzymatic activity within 

the polymer’s matrix. As noted in the Future Work chapter, to further improve 

clinical applicability, future designs will aim to co-encapsulate the necessary 

co-factors within the hydrogel to eliminate dependence on external sources. 

 

Figure 7 Schematic illustration of PDH-encapsulated alginate hydrogel interacting with a biofilm. Created using 

Biorender.com 
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1-8-3 Synthesis of Alginate Hydrogel 

Alginate hydrogels are formed through chemical and physical crosslinking of 

alginate, and the type of crosslinking can substantially impact their 

physicochemical properties. Alginate crosslinking can be divided into two 

main groups: non-covalent and covalent. In this section, I briefly elaborate on 

some of these methods. More detailed discussions of alginate crosslinking can 

be found in the literature [130, 140, 144].  

Covalent and physical crosslinking can both be used to synthesize alginate 

hydrogels, each with distinct advantages and limitations. Covalently 

crosslinked hydrogels exhibit superior mechanical stability and long-term 

durability due to irreversible chemical bonds. This method allows precise 

control over hydrogel properties through functional group modifications (e.g., 

methacrylate, norbornene) and crosslinking chemistries like UV or click 

reactions, enabling tunable bioactivity and post-gelation functionalization for 

drug delivery or regenerative applications [145, 146]. However, covalent 

crosslinking often involves chemical agents like glutaraldehyde, which can 

raise concerns regarding biocompatibility and may interfere with sensitive 

biomolecules such as enzymes. To address this, less toxic alternatives such as 

genipin or enzyme-based crosslinkers are being explored to improve 
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compatibility with biological systems [147]. In contrast, physical crosslinking 

relies on non-covalent interactions, such as hydrogen bonding and 

hydrophobic forces, making the technique highly biocompatible and suitable 

for applications requiring mild conditions. However, sodium alginate alone 

cannot form stable hydrogels through these interactions and typically requires 

chemical modification or the addition of secondary materials like polyvinyl 

alcohol or polyvinylpyrrolidone to enhance bonding strength [144, 148, 149]. 

These hydrogels are sensitive to pH and temperature, facilitating drug release, 

but they suffer from poor mechanical stability at physiological temperature 

and potential toxicity from additives. These limitations make both strategies 

less ideal for our application, prompting further exploration of ionic 

crosslinking as a more practical and biocompatible alternative. 

1-8-3-1 Ionic Crosslinking: 

Ionic crosslinking is one of the most common ways for alginate gelation that 

is not reliant on further modification of sodium alginate or the introduction of 

new materials. One of the main advantages of this method compared to the 

others is the mild conditions of gelation, which generally do not affect other 

substances in the gelation process. Alginate dressings are typically prepared 

by ionic crosslinking of alginate solutions with divalent or polyvalent cations 
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such as calcium, magnesium, barium, zinc, or strontium to form hydrogels. 

When calcium is used as the crosslinker, it adds hemostatic properties to the 

hydrogel [150].  Calcium chloride (CaCl2) is the most commonly studied 

compositions used in alginate crosslinking. Due to the high solubility of CaCl2 

in aqueous solutions, the gelation rate of alginate is very rapid, making it 

difficult to control precisely. This can impact the uniformity and strength of 

the hydrogel. The decrease in the gelation rate leads to a more uniform 

crosslinking and as a result improved structural integrity and enhanced 

stiffness. One way to address this issue is to use other forms of Ca, like CaSO4 

and CaCO3. These sources of Ca have low solubility in pure water, allowing 

its uniform distribution in alginate solution before gelation takes place [151]. 

In the present work, I used temperature as an alternative factor to reduce the 

gelation time and allow for the formation of more uniform hydrogels. By 

freezing the sodium alginate in solution before crosslinking, I achieved 

uniform hydrogels with the appropriate physico-mechanical properties 

without introducing a secondary agent and compromising the 

biocompatibility of our hydrogel. 

During my Ph.D., I aimed to explore alternative strategies that could either 

impart antibacterial properties to our system or, at the very least, avoid 
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promoting biofilm formation. In the chapter 3, hydrogels with varying 

concentrations of Na-Alg and CaCl₂ were formulated to identify the 

composition with physio-mechanical properties most closely aligned with 

wound dressing standards. Once optimized, PDH was encapsulated within the 

polymer matrix to enzymatically disperse bacterial biofilms. Finally, the 

cytotoxicity of the developed hydrogel was evaluated in accordance with ISO 

10993 guidelines to ensure its biocompatibility and safety for potential 

clinical use. 

1-9- Aim3- Addition of Chitosan to Alginate Wound 

Dressing to Increase Antibiofilm Properties  

While the benefits of alginate as a biopolymer for wound dressing applications 

have been described extensively, there are several limitations that should be 

explored to create an optimal material for encapsulation of the enzyme PDH. 

Alginate carries a negative charge, which poses a potential challenge for the 

encapsulation of PDH. PDH is also negatively charged, as is the small 

molecule pyruvate. This raised concerns that electrostatic repulsion between 

alginate, PDH, and pyruvate could negatively impact encapsulation 

efficiency, reduce pyruvate diffusion into the hydrogel, and limit the activity 

of the enzyme. Another prominent material using in FDA-approved hydrogel 
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wound dressings is chitosan, which stands out due to its positively charged 

network and intrinsic antibacterial properties. I hypothesized that the addition 

of chitosan to a PDH-encapsulating hydrogel may enhance the antibiofilm 

properties of the alginate hydrogel due to its cationic structure, and 

antibacterial properties [152].  

Chitosan, also known as β-(1-4)-2-amino-2-deoxy-D-glucopyranose, is a 

linear polysaccharide composed of N-glucosamine and N-acetylglucosamine 

units. As illustrated in Figure 8, chitosan is derived from the deacetylation of 

chitin, which is the second most abundant natural polysaccharide. Compared 

to chitin, chitosan contains more amino groups, and its degree of deacetylation 

(DD) is defined as the proportion of acetyl groups removed from sugar 

residues relative to the total number of chitosan molecules [153]. This degree 

of deacetylation influences chitosan’s structure and properties. A widely used 

method to measure DD of synthesized chitosan is potentiometric titration. 

While this method is simple and does not require specialized equipment, it is 

less precise than IR spectroscopy and 1H NMR analysis, which offer greater 

accuracy [154].   
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Figure 8 Scheme of chitin and chitosan’s structure. Created using ChemDraw. 

The main unfavorable challenge in using chitosan as a hydrogel wound 

dressing to encapsulate PDH is that chitosan is insoluble in water at 

physiological pH and most common solvents [153]. Chitosan is soluble in 

acidic environment with the pH below 6.0. The presence of amino groups on 

chitosan means that pH significantly influences its charge and properties. At 

low pH, the amino groups become protonated, giving chitosan a positive 

charge and making it a water-soluble cationic polyelectrolyte. However, when 

the pH rises above 6, the amino groups deprotonate, causing chitosan to lose 

its charge and become insoluble [153, 155]. This pH-dependent solubility 

makes chitosan difficult to incorporate into a synthesis method appropriate for 

PDH, which denatures in acidic environments (pH range: 2-6) and loses 

activity outside of the pH range of 7-8 [156]. For this reason, chitosan 

derivatives become necessary to consider for use with PDH. 
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1-9-1 Chitosan and Its Derivatives: 

Chitosan is favored in wound dressing applications due to its biocompatibility, 

antibacterial properties, excellent swelling behavior, and robust physico-

mechanical properties. However, the acidic conditions required for chitosan 

synthesis can negatively affect many pH-sensitive enzymes, chemicals, and 

proteins, including PDH. The presence of active amino and hydroxyl groups 

on the surface of chitosan facilitates the grafting of various functional groups, 

leading to a diverse array of innovative applications. On the surface of 

chitosan, C3–OH, being a secondary hydroxyl, has limited rotational freedom 

and significant steric hindrance, making it less reactive. Conversely, the C6–

OH and C2–NH2 groups exhibit more active chemical properties, which are 

utilized in chitosan molecules to attach additional groups through diverse 

molecular design strategies [157]. 
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Figure 9 Schematic of chitosan chemical reactions. Adapted from Wang et al. [157]. Copyright acquired from MDPI 

(Open Access) 

1-9-1-1  Chitosan Modification: Destruction of Hydrogen 

Bonding  

1-9-1-1-1 Acylated Modified Chitosan 

Acylation is among common modifications applied to chitosan, involving the 

reaction of chitosan with organic acids and their derivatives (like anhydride 

and acyl chloride) to introduce aliphatic or aromatic acyl groups to its 

molecular chain. This modification disrupts the hydrogen bonding within and 

between chitosan molecules, reducing crystallinity and enhancing water 

solubility. Chitosan's molecular chain features two hydroxyl groups and an 

amino group, with reactivity in the order of C2–NH2 > C6–OH > C3–OH due 

to their steric properties and rotational abilities [158, 159]. Acylation reactions 
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include N-acylation, where an amide is formed with C2–NH2, and O-

acylation, forming an ester with C6–OH when C2–NH2 is protected. N-

acylated chitosan derivatives are known for improved biocompatibility, anti-

coagulability, and lack of inflammatory response, making them suitable for 

pharmaceutical applications as carriers or sustained release agents. The 

solubility of N-acylated chitosan is influenced by the degree of substitution 

(DS) and the length of the side chain. Research indicates that solubility 

increases with the DS when it is below 50%, meaning higher DS values 

correlate with enhanced solubility. Additionally, the length of the side chain 

affects the material's crystallinity; longer side chains lead to increased 

crystallinity, which in turn reduces the solubility [157]. They also enhance 

solubility and can be used for hydrophobic drug delivery, whereas O-acylated 

chitosan, which increases hydrophobicity, is utilized in fibers and polymeric 

materials to boost stability and hydrophobic properties. 

1-9-1-1-2 Alkylation Modified Chitosan 

Introducing an alkyl group into chitosan improves its solubility by weakening 

its intermolecular hydrogen bonds, although the solubility decreases if the 

alkyl chain is too long. This modification allows for the solubility of chitosan 

derivatives to be controlled by adjusting the length of the alkyl chain [160]. 
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Alkylation reactions occur when an alkyl group is added to the C2–NH2, C6–

OH, or C3–OH groups on chitosan, forming an alkyl group-containing 

chitosan derivative. Specifically, N-alkylation involves the C2–NH2 group 

and is more common due to its strong nucleophilic lone pair electrons, 

whereas O-alkylation involves the C6–OH or C3–OH groups [161]. Alkylated 

chitosan finds applications in medical gauze due to its coagulation and 

antibacterial properties and is used in water purification engineering to absorb 

anionic surfactants owing to its positive charge. 

1-9-1-2 Chitosan modification: Introducing hydrophilic 

groups 

1-9-1-2-1 Quaternized Chitosan (QCS) 

The quaternary ammonium group in chitosan enhances its hydrophilicity and 

positive charge, improving water solubility and increasing its chargeability. 

Quaternization of chitosan primarily involves the C2–NH2 group and can 

occur via direct quaternary ammonium substitution, N-alkylation, or through 

an epoxy derivative open loop method [162]. GTA (2,3-epoxypropyl trimethyl 

ammonium chloride) and CTA (3-chloro-2-hydroxypropyl trimethyl) are 

among the commonly used ammonium salts to modify chitosan These 

modifications lead to improved antibacterial properties, biocompatibility, 



 52 

non-toxicity, and mucosal adhesiveness, making quaternary ammonium 

chitosan valuable in medical applications, particularly in anti-inflammatory 

drugs and wound dressing materials. 

1-9-1-2-2 Carboxymethyl Chitosan (CMC) 

Carboxylation reactions typically involve glyoxylic acid or chloroalkanoic 

acid reacting with the C6–OH or C2–NH2 groups on chitosan to form a 

carboxyl group (-COOH) [163]. This process produces carboxylated chitosan, 

which exhibits improved water solubility and can dissolve in neutral and 

alkaline environments. The reaction temperature influences which groups are 

grafted onto the substrate. At temperatures below 40°C, grafting 

predominantly occurs on the hydroxyl groups, producing a product known as 

O-CMC [164]. As the temperature reaches 60°C, amino groups become more 

reactive, allowing grafting to take place on both hydroxyl and amino groups 

[165]. The product formed under these conditions is referred to as N, O-CMC. 

In contrast, N-CMC is typically produced through a different reaction 

pathway, where the grafting primarily involves the amino groups. CMC is 

notable for its antibacterial properties, which are advantageous in biomedical 

and pharmaceutical applications, promoting wound healing, and providing 
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benefits such as lipid-lowering, anti-arteriosclerosis, antiviral, anti-tumor, 

anti-coagulation, and hypoglycemic effects. 

There are other derivatives of chitosan that have been developed to enhance 

its solubility in water, such as chitosan oligosaccharide (COS) [166], and N-

maleoyl chitosan [167]. In the present work, CMC was chosen due to its 

excellent biocompatibility, hydrophilicity, suitable viscosity, and antibacterial 

properties [168, 169]. Additionally, CMC is well-studied and commercially 

available, enabling me to focus more on hydrogel modification to achieve 

optimal enzyme encapsulation and activity. Since the extent to which CMC 

contributes antibacterial properties to alginate hydrogels is limited, additional 

nanoparticles can be incorporated to further enhance the hydrogel's 

antibacterial effectiveness. Incorporating silver nanoparticles increases the 

antibacterial activity of the OAlg-CMC hydrogel by 18-fold against S. aureus 

[170]. In another study, a multifunctional hydrogel called 

CAC/PDA/Cu(H₂O₂) is developed by crosslinking CMC and alginate 

(CMC/Alg) with CaCl₂, followed by surface modification using copper sulfate 

(CuSO₄) and hydrogen peroxide-triggered polydopamine (PDA) deposition 

[171]. The resulting hydrogel exhibits bacterial reduction rates of 99.87% for 

S. aureus, 99.14% for E. coli, and 99.25% for methicillin-resistant 
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Staphylococcus aureus (MRSA), outperforming commercial silver-based 

hydrogels. For antibiofilm activity against MRSA, crystal violet staining 

reveals a 49.6% reduction in biofilm biomass compared to the silver hydrogel 

and an approximately 49% reduction relative to CAC/PDA/Cu. Phlorizin-

Liposomes (PL) has also been incorporated into OAlg and CMC hydrogel 

[172]. This hydrogel reaches 90% inhibition against both E. coli and S. aureus. 

For the first time in this work, we aim to incorporate a metabolic altering 

enzyme into the OAlg:CMC hydrogel and investigate its impact on hydrogels 

antibiofilm properties against P. aeruginosa.  

Chapter 4 explores the incorporation of CMC into the alginate structure 

through alginate oxidation and examines its influence on the physio-

mechanical properties of the resulting hydrogel. Following this, the PDH 

enzyme is incorporated into the composite hydrogel, and its ability to retain 

enzymatic activity during entrapment as well as its antibiofilm effectiveness 

is evaluated. Additionally, hydrogels with varying oxidation degrees (10% and 

25%) and different concentrations of CMC are tested for their response to P. 

aeruginosa biofilm exposure. 
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Chapter 2: Synergistic Effects of Iron Oxide 

Nanoparticles and Hydrogen Peroxide in 

Inhibiting Pseudomonas aeruginosa Growth to 

Combat Bacterial Contamination in Water 

Recovery Systems 
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2-1- Abstract: 

Access to safe water is critical for public health. Pseudomonas aeruginosa is 

ranked as one of the most significant bacterial pathogens, threatening human 

health. Hydrogen peroxide and other biocides are often used to prevent the 

growth of bacteria, but the toxicity of these biocides is a major consideration 

when bacteria grow in water sources. This study explores the application of 

iron oxide nanoparticles (IONPs), both bare and polyacrylic acid-coated 

(PAA@IONPs), to enhance the effectiveness of hydrogen peroxide in 

eliminating P. aeruginosa, potentially reducing the required biocide 

concentrations and minimizing toxicity. X-ray diffraction crystallography 

(XRD) alongside X-Ray photoelectron spectroscopy (XPS) showed that the 

synthesized IONPs were magnetite nanoparticles and Fourier-transform 

infrared (FTIR) spectroscopy proved that PAA coating was successfully 

functionalized to IONPs. The hydrodynamic size of the IONPs decreased 

from 106 ± 11 nm to 84 ± 3 nm when coated with PAA. Transmission electron 

microscopy (TEM) images confirmed a similar decrease in dry size from 16 

± 3 nm to 9 ± 2 nm post-coating. A week after storage, there was a decrease 

in the concentration of stored IONPs and PAA@IONPs due to settling by 56 

± 14% and 22.6 ± 0.6%, respectively, demonstrating that PAA coating 
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increased colloidal stability of the IONPs. Coated nanoparticles exhibited a 

more negative zeta potential, which was also indicative of greater colloidal 

stability. In the presence of 3.65 mg/ml IONPs and 182.25 mM of hydrogen 

peroxide, overnight bacterial growth was reduced by more than 63% 

compared to the sample with hydrogen peroxide alone. IONPs did not inhibit 

bacterial growth in the absence of hydrogen peroxide. Presence of 3.65 mg/ml 

IONPs and 182.25 mM of hydrogen peroxide killed 90.2% of bacterial cells 

during one hour of exposure. These findings indicate the potential benefit of 

IONPs to combat bacterial growth, which could be applied in industrial 

settings to reduce the biocide concentration needed to curb bacterial 

development. 

 

Figure 10 Graphical Abstract- Coated and bare Iron oxide nanoparticles (IONPs) enhance H₂O₂-generated reactive 

oxygen species (ROS) through the Fenton reaction to improve antibacterial activity Created with BioRender.com  
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2-2- Introduction 

Safe and available water is vital for public health whether consumed for 

drinking, domestic use, food production, or recreational purposes. According 

to world health organization (WHO), microbiologically contaminated water 

results in around 505,000 diarrheal deaths annually [173]. Pseudomonads are 

highly adaptable bacteria capable of thriving in diverse environments, 

including distilled water, and they have been linked to outbreaks through 

contaminated recreational and tap water [174]. Pseudomonas aeruginosa is a 

prevalent, mobile, non-fermentative, Gram–negative bacterium and an 

opportunistic pathogen categorized as an ESKAPE pathogen [175, 176] . The 

ability of P. aeruginosa to form biofilms in an aqueous environment makes 

the traditional treatment methods even less effective. Therefore, there is an 

ongoing need to develop new technologies to kill these bacteria and inhibit 

their growth more efficiently to prevent human disease.  

 

Biocides are chemical agents with antimicrobial properties extensively used 

in homes, industries, and healthcare settings for disinfection purposes [177]. 

Hydrogen peroxide (H2O2) is a non-radical reactive oxygen species (ROS) 
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that acts as a biocide and effectively kills bacterial cells. Hydrogen peroxide 

damages vital cellular components like DNA, proteins, and cell membranes, 

disrupting critical biological processes and leading to bacterial cell death [178, 

179]. However, high concentrations of hydrogen peroxide in water resources 

can cause toxicity [106]. Drinking hydrogen peroxide at concentrations higher 

than 3% (equivalent to 880mM) is toxic to humans. Even at lower 

concentrations, prolonged consumption of hydrogen peroxide can lead to 

toxicity [107]. Therefore, it is crucial to minimize the presence of hydrogen 

peroxide in water resources as much as possible. Iron oxide nanoparticles 

(IONPs) can enhance the efficiency of hydrogen peroxide in generating 

radical ROS through a reaction known as the Fenton and Fenton-like reactions 

[180]. During these reactions, hydrogen peroxide is converted to hydroxyl 

radicals (OH˙) in the presence of iron (Fe2+, and Fe3+) (equation 1 and 2) [181]. 

This reaction is important because the products of the decomposition of 

hydrogen peroxide (hydroxyl radical and peroxide radical) are more potent 

than non-radical H2O2. These radicals are highly reactive and increase 

oxidative stress in bacterial cells more efficiently than hydrogen peroxide 

alone [182, 183]. 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ + 𝑂𝐻˙ + 𝑂𝐻− (Equation 1) 
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𝐹𝑒3+ + 𝐻2𝑂2 → 𝐹𝑒2+ + 𝐻𝑂2
. + 𝐻+ (Equation 2) 

Even though IONPs have been utilized in water treatment as a means of killing 

bacteria through hyperthermia [83, 184] or delivery of pharmaceutics [185], 

the particles themselves do not exhibit antibacterial activity [79]. IONPs are 

non-toxic and magnetic, enabling most of their applications in biomedicine 

[80]. Here we studied the impact of addition of IONPs and PAA@IONPs to 

hydrogen peroxide in order to inhibit bacterial growth and kill the already 

existing bacterial cells. Based on the literature, IONPs should be able to 

increase antibacterial properties of hydrogen peroxide by production of 

hydroxyl radicals.  

IONPs exist in several oxidation states, with the three most frequent forms of 

magnetite (Fe3O4), maghemite (γ-Fe2O3), and hematite (α-Fe2O3). The 

oxidation state of the synthesized IONPs, is crucial since magnetite contains 

both Fe(II) and Fe(III) ions and can effectively catalyze the Fenton reaction, 

while maghemite, and hematite predominantly contain Fe(III) ions. As shown 

in Equations 1 and 2, the final products of reactions can differ depending on 

whether Fe(II) or Fe(III) is present. Hydroxyl radicals are produced when 

Fe(II) reacts with hydrogen peroxide, while superoxide anions are generated 

in the presence of Fe(III). The key difference is that the hydroxyl radical is a 
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stronger ROS agent and is therefore preferred [186]. This underscores the 

importance of controlling the oxidation state of IONPs during synthesis. The 

size-dependence of the magnetic and catalysis properties of IONPs demands 

precise control over the synthesis process. A challenge with IONPs is their 

tendency to aggregate, which negatively impacts their magnetic 

characteristics and colloidal stability. To enhance the colloidal stability of 

IONPs, a polymeric coating was applied. Among the various polymeric 

coatings available, PAA was selected due to its dual benefits. Firstly, due to 

literature PAA-coated IONPs exhibit improved antibacterial properties, 

making them advantageous for our applications. Secondly, PAA enhances 

biocompatibility, ensuring that the modified IONPs maintain low cytotoxicity 

to human cells [187]. This combination of stability, antimicrobial activity, and 

biocompatibility makes PAA an optimal choice for functionalizing IONPs. 

Numerous studies have investigated the antibacterial properties of IONPs and 

hydrogen peroxide. Additionally, the Fenton reaction has been extensively 

explored for various applications, including cancer therapy and water 

treatment [188, 189]. However, to the best of our knowledge, there is no 

comprehensive study specifically examining the use of IONPs to enhance 

antibacterial efficacy of hydrogen peroxide against Pseudomonas aeruginosa 
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in water resources. This study demonstrates the synergistic antibacterial 

effects of PAA@IONPs, IONPs, and hydrogen peroxide against P. 

aeruginosa. Additionally, we reassessed the impact of PAA coating on IONPs, 

focusing on its influence on antibacterial properties and nanoparticle stability. 

Our results indicate that with the assistance of IONPs, the minimum hydrogen 

peroxide concentration required to eliminate bacteria can be reduced to 182.25 

mM, a level below the threshold for hydrogen peroxide toxicity [190]. 

Furthermore, since iron oxide nanoparticles can be collected using a magnetic 

field, they can be efficiently separated from the water source, preventing 

secondary exposure. We believe this method offers a safe and effective 

approach for bacterial eradication in water recovery systems, particularly in 

space missions, where access to clean water is extremely limited.  

2-3- Materials and Methods 

2-3-1 Materials 

Iron (II) chloride (FeCl2), iron (III) chloride (FeCl3), ammonium hydroxide 

(NH4OH, 28.0-30.0% NH3 basis), silicone oil, polyacrylic acid (PAA) (Mw = 

72.06 g/mol), hydrogen peroxide solution (H₂O₂), and potassium chloride 

(KCl) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tryptic 

Soy Broth was purchased from MP Biomedicals (CA, USA), and agar was 
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purchased from Becton, Dickinson and Company (BD, NJ, USA). 

Ultrafiltered water was produced by Milli-Q Millipore Integral 10 water 

purification system. Nitrogen gas was from Airgas Inc. P. aeruginosa (PAO1) 

is Wargo Lab strain MJ79 derived from PAO1-W (PMID 10984043). 

2-3-2 Synthesis of PAA Coated and Bare IONPs 

IONPs were synthesized using a co-precipitation method (Figure 11) based on 

previously published protocols [102, 191, 192]. Throughout the synthesis 

procedure, nitrogen-purged ultrapure water (N2/H2O) was utilized to prevent 

oxidation. Separate solutions of iron (II) chloride (1 mmol) and iron (III) 

chloride (2 mmol) were prepared by dissolving each in 50 ml of N2/H2O. Once 

dissolved, the solutions were transferred to a filter flask under continuous 

nitrogen to keep the oxygen out. The solutions of iron chloride were combined 

and heated to 80°C in a silicone oil bath while being stirred at 600 RPM using 

a 2.5 cm magnetic stirrer on a hot plate stirrer (Thermo Fisher Scientific, 

Isotemp, USA). Then, 30 ml of 1 M aqueous ammonium hydroxide was 

introduced at the rate of 4.25 mmol/min using a syringe pump (NE-1000, New 

Era Pump Systems Inc., USA). After the ammonium hydroxide was 

completely added, the reaction mixture was allowed to proceed for 30 min, 

removed from heat, and cooled to room temperature. It was then sonicated for 
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30 min using an ultrasonic cleaner (VWR Symphony, Model: 97043-960, 

USA). The particles were washed and magnetically separated by decantation 

using a strong magnet (DY06, 2-inch diameter X 3/8-inch thickness, K&J 

Magnetics, Inc., PA, USA). This particle separation ensured separation of 

IONPs from unreacted dissolved constituents. Each particle batch was then 

re-suspended in 50 ml of N2/H2O and sonicated for an extra 10 min. This was 

repeated three times until the pH stabilized at 6.5-7.5 or they were stable 

enough that could not be separated with the magnet anymore. For polyacrylic 

acid-coated iron oxide nanoparticles (PAA@IONPs), PAA (25% w/w with 

respect to the Fe(II) salt) was added to the reaction medium just before the 

addition of ammonium hydroxide. Due to the high stability of coated particles, 

they were washed by centrifuging at 55,000 ×g for 20 min. Finally, the pellet 

was separated and suspended in N2/H2O until the final volume of 50 ml was 

achieved. 
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Figure 11 Schematic of synthesis of IONPs Created with BioRender.com 

2-3-3 Material Characterization 

The crystallographic structure of bare and PAA@IONPs was characterized by 

powder X-ray diffraction crystallography (XRD, Rigaku Miniflex II, 

equipped with a Cu X-ray tube, Rigaku Corporation, Japan). XRD was 

operated using a 2theta-theta geometry over a 2q range from 10° to 70° with 

a 1°/min dwelling time. The results were then analyzed using a profile fitting 

module within the PDXL-2 software (Rigaku Corp., Japan). To detect the 

functional groups on the surface of coated and bare IONPs, Fourier-transform 

infrared spectroscopy (FTIR, Nicolet™ iS50 FTIR Spectrometer, Thermo 

Scientific, USA) was used. The elemental composition and oxidation states of 
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the nanoparticles’ surface were investigated by X-ray photoelectron 

spectroscopy spectra (XPS, The Kratos Axis Supra XPS, UK). 

Nanoparticle size was determined using two different techniques. First, the 

hydrodynamic size of nanoparticles was measured using nanoparticle tracking 

analysis (NTA, Zetaview Twin PMX-110, Particle Metrix GmbH, Germany). 

For NTA, the samples were sonicated for 10 min to achieve thorough 

dispersion before analysis and were introduced into the flow chamber at a 

concentration of 0.4 mg/ml at room temperature using a disposable syringe. 

To account for the repeatability of our study, NTA was conducted on five 

(shown as n) different synthesized batches of nanoparticles. Next, the dry size 

and shape were studied using transmission electron microscopy (TEM, JEOL 

JEM-1400, JEOL Ltd., Japan) at an acceleration voltage of 80 kV. TEM 

samples were prepared by diluting the nanoparticle suspension to 0.4 mg/ml 

and depositing a drop onto a 100-mesh nickel grid backed by a carbon support 

film (LADD Research Industries, USA), which was left to air dry overnight. 

The polydispersity index (PdI) and zeta potential of the nanoparticles were 

determined using dynamic and electrophoretic light scattering (DLS, 

Zetasizer NanoZSP, Malvern Panalytical Inc., UK). For this purpose, samples 

were diluted in 10 mM KCl and added to DTS1070 folded capillary cell for 
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analysis. To quantify the number of suspended nanoparticles, two aqueous 

solutions were prepared in triplicate: one containing 0.4 mg/ml of IONPs and 

the other containing 0.4 mg/ml of PAA@IONPs. All samples were then 

sonicated for 10 min. Post-sonication, the samples were left undisturbed for 

our storage study. At each time interval, three 200 µl aliquots were taken from 

the samples, transferred to a 96-well plate, and analyzed using a UV-vis 

spectrophotometer (SpectraMax i3x, Molecular Devices, USA). For this 

study, three samples of each IONPs and PAA@IONPs were prepared, and 

from each sample, triplicates (shown as n) were aliquoted for analysis.  

2-3-4 Bacterial Growth Studies 

During this study, P. aeruginosa PAO1 was streaked onto tryptic soy agar 

(TSA) from glycerol stocks stored at -80°C and incubated for 15 h at 37°C. 

First, we assessed the impact of various hydrogen peroxide concentrations on 

P. aeruginosa in the absence of nanoparticles. P. aeruginosa cultures were 

exposed to different concentrations of hydrogen peroxide and bacterial growth 

was measured to determine the minimal concentration of hydrogen peroxide 

that robustly reduced bacterial growth without completely inhibiting it. 

Dilutions of hydrogen peroxide were prepared in three serial sets: 2000, 400, 

80, 16, and 3.2 mM; 182.25, 121.5, 81, 54, 36, and 24 mM; and 16, 8, 4, 2, 1, 
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0.5 mM. The effect of this biocide on bacterial growth was measured by the 

net growth, which is defined as the difference in optical density at 600 nm 

(OD600) observed 12 h after incubation compared to before incubation, using 

a UV-vis spectrophotometer.  

In the next step, the impact of coated and bare IONPs on P. aeruginosa was 

measured. We hypothesized that the presence of IONPs alongside hydrogen 

peroxide would initiate the Fenton and Fenton-like reactions, leading to 

greater bacterial growth inhibition compared to scenarios without IONPs. To 

test the hypothesis, a colony of P. aeruginosa was transferred into 3 ml of TSB 

media and incubated overnight at 37°C. To prepare the seed cultures the 

incubated bacteria was diluted to OD600= 0.05 ± 0.01. This dilution was 

necessary for the subsequent growth study to standardize the starting bacterial 

concentration, ensuring consistency and reliability in our experimental results. 

Meanwhile, six samples each of PAA@IONPs and IONPs were prepared, 

starting at a concentration of 3.65 mg/ml, and serially diluted in water in a 1:2 

ratio until a final dilution of 1:32 was achieved. Hydrogen peroxide (182.25 

mM) was added to the seed culture to achieve a total volume of 50 ml for 

further studies. This solution was added to each well of a 24 well-plate and 

then 10 ml of various concentrations of IONPs or PAA@IONPs were added 
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to the wells to reach a final volume of 1 ml in each well. Each experiment was 

conducted in triplicate.  

One indicator of a Fenton-like reaction is the change in the pH of the solution 

due to H+ generation. To investigate this, IONPs and PAA@IONPs were 

added to two solutions: TSB and TSB+182.25 mM H2O2. The concentrations 

used were the same as those in the bacterial growth inhibition study, and all 

samples were prepared in triplicate. The pH of the solutions was measured 

immediately after adding the nanoparticles using a pH meter (Fisherbrand™ 

accumet™ AB150 pH Benchtop Meters, USA). All samples were then 

incubated at 37°C for 12 h, followed by another pH measurement 

To compare the effects of nanoparticles and biocide treatments on bacterial 

growth, control experiments were carried out without nanoparticles and 

hydrogen peroxide as well as hydrogen peroxide without nanoparticles. In all 

studies, a blank sample of TSB alone was included to ensure there was no 

contamination.  

2-3-5 Antibacterial Study 

A spot serial dilution method was used to study the antibacterial properties of 

the biocide hydrogen peroxide and IONPs. Briefly, the bacterial culture was 

grown over night in TSB and then diluted with TSB to achieve an OD600 of 
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0.1 to start the study. Five samples were prepared including a blank of TSB 

alone, bacteria in TSB, H2O2 and bacteria, IONPs and H2O2 with bacteria, and 

PAA@IONPs and H2O2 with bacteria. Each sample had an initial volume of 

1 ml. The concentration of H2O2 in all samples was 182.25 mM, and the 

samples containing nanoparticles had 10 µl of nanoparticles at a concentration 

of 3.65 mg/ml. After thorough mixture, 200 µl of each sample was transferred 

to a 96-well plate in triplicate. Serial dilutions in TSB were then performed 

for all samples, with a 10-fold dilution until a dilution factor of 107 was 

achieved. Samples were incubated for an hour at 37°C, followed by the culture 

of 5 µl from each sample on tryptic soy agar, which was then incubated for 15 

h. The colony development pattern at different dilutions was recorded as too 

many to read (tmtr), countable (6-30 range), no colony is formed (N/A). After 

recording the colony number, colony forming units (CFU) / 200 µl of samples 

was calculated by multiplying colony number by dilution factor.  

All data were analyzed using a one-way ANOVA followed by Tukey’s post-

hoc t-test for statistical analysis, using p-value < 0.05 to determine statistical 

significance between means. GraphPad Prism version 10.2.2 (USA) was 

utilized for all statistical analyses. 

 



 71 

2-4- Results: 

2-4-1 XRD Confirmed Synthesis of IONPs 

To investigate the crystal structure of the synthesized magnetic nanoparticles, 

X-ray diffraction (XRD) was performed on the coated and bare IONPs (Figure 

12a). The XRD pattern of magnetite contained six strong peaks at 2𝜃 =

30.3°, 35.5°, 43.2°, 53.5°, 57.1°, and 62.9°, which corresponded to (220), 

(311), (400), (422), (511), and (440) crystalline planes of IONPs, respectively 

(International Center for Diffraction Data PDF-19-0629) [193]. These six 

strong peaks can be observed in Figure 12a. The coating process did not alter 

peak positions, indicating preserved crystallinity. The coated samples showed 

lower intensity compared to bare IONPs, suggesting reduced XRD signal due 

to the presence of PAA [194].  

 

Figure 12 a) XRD peaks of IONPs and PAA@IONPs b) FTIR spectra of IONPs dried in freeze-dryer, IONPs dried in 

oven, PAA, and PAA@IONPs dried in oven 
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2-4-2 FTIR Indicated Bonding Between Iron and PAA 

The FTIR spectra of the synthesized IONPs and PAA@IONPs are displayed 

in Figure 12b. FTIR spectra confirmed the presence of Fe–O vibrations at 

~610 cm⁻¹ in all samples, indicating iron oxide formation. A broad band 

between 3200–3500 cm⁻¹ suggested adsorbed –OH groups, with higher 

intensity observed in oven-dried samples. The presence of a strong C=O peak 

at 1718 cm⁻¹ in PAA diminished in PAA@IONPs, with the appearance of a 

COO⁻ peak at 1410 cm⁻¹, suggesting successful surface bonding between PAA 

and IONPs [195-197]. 

2-4-3 XPS Revealed Synthesis of Magnetite Nanoparticles 

Due to sharing a spinal structure, Fe3O4 (magnetite), and g-Fe2O3 can show 

similar XRD patterns; therefore, running XRD alone is not the most 

comprehensive way to distinguish these specific crystalline forms of IONPs. 

PAA@IONPs could not be effectively dried using a freeze-dryer; thus, oven 

drying was necessary. To distinguish Fe₃O₄ from γ-Fe₂O₃, XPS analysis was 

performed (Figure 13). The Fe 2p3/2 and Fe 2p1/2 peaks were observed at 

711.1 eV and 724.3 eV, confirming Fe₃O₄ as the dominant phase [198]. A 

satellite peak at 718.5 eV, associated with γ-Fe₂O₃, was detected exclusively 

in oven-dried samples, suggesting oxidation occurred during drying rather 
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than synthesis [199-201]. C 1s and O 1s peaks for the samples are shown and 

discussed in the supplementary materials. Briefly, the low intensity of the 

C=O peaks compared to the high-intensity C-O peak in the coated sample 

provides additional evidence of the chemical binding discussed in the FTIR 

data. 

 

Figure 13 XPS analysis, Fe 2p XPS spectra of (a) IONPs dried in freeze-dryer (b) IONPs dried in oven (c) 

PAA@IONPs dried in oven. 

2-4-4 TEM Revealed Spherical Morphology and Smaller IONPs 

When Coated 

TEM images revealed the morphology of synthesized nanoparticles and 

allowed for the measurement of their dry particle size, referred to as "dry size" 

in this analysis. Both IONPs and PAA@IONPs were predominantly spherical 
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in shape. The mean size for the uncoated IONPs was 16 ± 3 nm, which was 

reduced to 9 ± 2 nm for PAA@IONPs. As seen in the histograms (Figure 

14c,d), in both cases the distribution of size was close to normal with no great 

outliers. The bar graph (Figure 14e) depicts a comparison of coated and 

uncoated IONPs, where each bar represents the mean value of dry sizes, with 

error bars indicating the standard deviation for each group. The uncoated 

samples showed a significantly higher mean value compared to the coated 

particles. Running a t-test on the samples provides further evidence of a 

statistically significant impact of coating on the dry size of IONPs.  

 

Figure 14 TEM images of synthesized (a) IONPs (magnification=60,000x) and (b) PAA@IONPs (magnification= 

60,000x). All images were taken at an accelerating voltage of 80 kV. Dry size histogram of (c) IONPs, and (d) 

PAA@IONPs. (e) Comparison between dry size of IONPs and PAA@IONPs. **** p < 0.0001, n=127 f) 

Hydrodynamic size of IONPs and PAA@IONPs, determined by NTA. n = 5. ** p =0.0054 
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2-4-5 Hydrodynamic Size Smaller for PAA@IONPs than IONPs 

When nanoparticles are dispersed in an aqueous solution, their surface 

properties and the ions present in the solution lead to the adsorption of 

molecules including but not limited to water, ions, and proteins (if present in 

the solution) on their surface. This adsorption alters their size compared to 

their dry state, a phenomenon referred to as hydrodynamic size. To evaluate 

this size, we employed NTA. NTA measures the Brownian motion of 

individual nanoparticles using a combination of light microscopy and camera 

technology, providing a particle-by-particle analysis of size. This technique 

yields a detailed size distribution and allows for the clear visualization and 

differentiation of aggregates from single nanoparticles. As depicted in Figure 

14f, the uncoated nanoparticles exhibited a significantly larger hydrodynamic 

size, averaging 106 ± 11 nm, compared to the coated nanoparticles, which 

averaged 84 ± 3 nm. This data underscores the influence of surface 

modifications on the hydrodynamic behavior of nanoparticles in solution. Our 

data also indicate that the hydrodynamic size of bare IONPs and PAA@IONPs 

increased by 6.75 ± 1.8 nm and 5.4 ± 0.7 nm, respectively, after the addition 

of nanoparticles to TSB. This increase might be attributed to the interaction 

with proteins and salts present in the TSB. 
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2-4-6 Coating Enhanced Colloidal Stability of IONPs 

PAA@IONPs demonstrated significantly higher colloidal stability compared 

to bare IONPs. After a week of storage, bare IONPs showed 60% absorbance 

loss due to sedimentation, while PAA@IONPs exhibited only a 22% decrease, 

indicating better particle suspension. Visual inspection confirmed less 

precipitation for PAA@IONPs, with lighter-colored solutions and 

sedimentation observed predominantly in bare IONPs. Additionally, zeta 

potential measurements showed significantly higher values for PAA@IONPs, 

indicating improved electrostatic stability due to the PAA coating. Further 

details and explanations of the results are provided in the supplementary 

materials. 

2-4-7 Bacterial Growth 

2-4-7-1 Effect of Hydrogen Peroxide on Bacterial Growth is 

Concentration-Dependent 

Hydrogen peroxide concentrations of 16 mM and below had minimal impact 

on bacterial growth, while concentrations above 400 mM completely inhibited 

it. To identify a concentration that reduced growth without eradicating 

bacteria, further testing revealed that a concentration of 182.25 mM caused 

approximately a 50% reduction in bacterial growth. This concentration was 
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chosen for subsequent studies to assess the effect of coated and uncoated 

IONPs on bacterial growth inhibition in the presence of hydrogen peroxide. 

Additional explanations and related figures are provided in the supplementary 

file. 

2-4-7-2 IONPs with Hydrogen Peroxide Boost Bacterial 

Killing Compared to IONPs Alone 

Figure 15a illustrates the impact of various concentrations of IONPs and 

PAA@IONPs on bacterial growth in the presence of 182.25 mM hydrogen 

peroxide. IONPs at concentrations higher than 1.825 mg/ml significantly 

increased bacterial growth inhibition while at lower concentrations the 

increase was not significant. PAA@IONPs did not have a significant impact 

on bacterial growth compared to the sample with just hydrogen peroxide. The 

concentration-dependent nature of these reactions for IONPs is evident in 

Figure 15a, showing that as the concentration of nanoparticles decreased, their 

effectiveness in inhibiting bacterial growth was also reduced. Having 3.65 

mg/ml of IONPs and 182.25 mM of hydrogen peroxide resulted in decreases 

in bacterial growth of 91.57% and 65.83%, respectively, compared to the 

control sample and the one with hydrogen peroxide alone. Similarly, 3.65 

mg/ml of PAA@IONPs reduced bacterial growth by 80.62% and 21.45% 
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under the same conditions. The concentration dependence trend was not 

observed in PAA@IONPs samples. Figure 15b compares the bacterial growth 

in presence of hydrogen peroxide between the same concentrations of IONPs 

and PAA@IONPs. IONPs inhibit bacterial growth more effectively than 

PAA@IONPs at the highest concentration. 

 

Figure 15 a) Impact of IONPs and PAA@IONPs with 182.25 mM of hydrogen peroxide on bacterial growth over 12 hr 

of incubation *p= 0.0296, *** p=0.0002, **** p<0.0001. n=6. b) Comparison of bacterial growth inhibition between 

IONPs and PAA@IONPs with 182.25 mM of hydrogen peroxide over 12 hr. *p= <0.0175, ns= not significant.  

As a control to determine whether the nanoparticles themselves had 

antibacterial properties, the experiment above was repeated without hydrogen 

peroxide. As shown in Figure 16, IONPs alone did not significantly affect 

bacterial growth over a 12 h incubation period. However, at the highest 

concentration (3.65 mg/ml), PAA-coated IONPs showed a slight reduction in 
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bacterial growth. At lower concentrations, these changes were not statistically 

significant. 

 

Figure 16 Impact of various concentrations of IONPs and PAA@IONPs on bacterial growth of P. aeruginosa after 12 

hr of incubation *** p=0.0008, **** p<0.0001, n=3 

2-4-7-3 IONPs Have Synergistic Effect with Hydrogen 

Peroxide 

Next, the concentration of nanoparticles was held constant while the 

concentration of hydrogen peroxide was varied by creating the following 

serial dilutions: 364.5, 182.25, 91.12, and 45.56 mM. Figure 17a shows the 

control samples, including both the bacteria and the blank. Figure 17b 

demonstrates that at the highest concentration, there was no bacterial growth 

in all samples, while at the lowest concentration, minimal growth inhibition 

was observed. When the concentration of hydrogen peroxide was set at 182.25 

mM, the addition of IONPs significantly enhanced bacterial growth inhibition. 
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Figure 17 a) Growth of blank and bacteria as negative controls b) impact of various concentration of hydrogen peroxide 

with constant concentration of NPs on bacterial growth over 12 h. * p=0.0109, ** p=0.0059, *** p=0.0008, n=3 

2-4-8 Antibacterial Study 

The bar graph in Figure 18 presents the colony forming units (CFU) per 200 

μL sample across various treatments against bacterial growth. The blank 

sample serves as a baseline with no countable colonies. In contrast, the sample 

with bacteria shows substantial growth with CFU reaching over 2 x 107, 

illustrating the bacteria growth under untreated conditions. When samples 

were treated with hydrogen peroxide, hydrogen peroxide along with IONPs, 

and hydrogen peroxide alongside PAA@IONPs, CFU dropped by 88.7, 90.2, 

and 89.6 %, respectively. As it is shown in Figure 18b, the sample with IONPs 

showed slightly more antibacterial activity but the statistical analysis showed 

that the difference was not significant.  
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Figure 18 Number of colonies of P. aeruginosa that are formed after 15 h of incubation on the tryptic soy agar for (a) 

all samples (b) just H2O2+ Bacteria, IONPs+ H2O2+bacteria, and PAA@IONPs+H2O2+bacteria samples **** 

p<0.0001. n=3 

2-4-9 pH Study 

The initial pH of TSB was 7.44 ± 0.03. Figure 19  illustrates the changes in 

pH for all samples after 12 h of incubation. Samples containing hydrogen 

peroxide exhibited a significant decrease in pH compared to the 

corresponding samples without H₂O₂. This pH reduction suggests the 

occurrence of a Fenton-like reaction, where hydrogen peroxide reacts with 

IONPs or PAA@IONPs, leading to the production of acidic species, which 

lowers the pH. 
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Figure 19 The changes of pH after incubation of IONPs and PAA@IONPs with and without hydrogen peroxide in TSB 

for 12 h. ** p<0.0027, *** p<0.001. n=3 

2-5- Discussion 

Bacterial contamination in water systems poses significant challenges, 

including inhibited water flow, increased corrosion, and serious threats to 

human health [202]. Among the pathogens of concern, P. aeruginosa stands 

out due to its robustness and the health risks it presents. Traditional biocides 

used to control such bacteria often come with drawbacks, including potential 

harm to human health and the environment. In response to these challenges, 

this study explores an innovative approach to enhance the efficacy of 

hydrogen peroxide, a commonly used biocide. We hypothesize that IONPs 

could boost the antibacterial properties of hydrogen peroxide, offering a 

promising solution for improving water quality without the accompanying 

risks of increased chemical exposure. 
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The material properties of the particles synthesized for this study are shown 

in Figures 2-4. XRD data revealed six main peaks that are indicators of 

magnetic IONPs, and the PAA coating reduced the core IONP size. To 

determine whether the PAA coating on the IONPs was successful and if 

bonding occurred between the coating and the core, FTIR was conducted. 

Figure 20 illustrates the possible reactions between the coating and the core 

[195]. In reactions a and b, the C=O of PAA remains intact after coating, but 

in reactions c and d, the C=O bond of PAA breaks down. Our results showed 

that before coating, a high-intensity C=O peak was observed, and the peak 

intensity significantly dropped after coating, indicating that bonding between 

PAA and IONPs occurred and it was either in form c or d (Figure 20). Same 

trend was also seen in XPS results (Figure 1 in supplementary file). 

Additionally, the intensity of the Fe-O peak in the coated sample decreased 

compared to the bare IONPs, likely due to the surface coverage of the IONPs 

by the coating.  
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Figure 20 Possible interactions between the PAA polymer chain and IONPs. (a, b) After bonding between Fe and O 

from PAA, the C=O bond remains intact; (c, d) the C=O bond breaks to form C–O after bonding with Fe.. 

To achieve optimal activity in the Fenton and Fenton-like reactions, the IONPs 

needed to be in the magnetite oxidation state. Zhao et al. [203] reported that 

magnetite nanoparticles show stronger catalytic performance compared to 

 hematite, and  hydrated iron(III) oxide in Fenton reactions. The XPS 

technique confirmed that the synthesized nanoparticles were indeed 

magnetite. This analysis also indicated that the drying technique significantly 

affects the oxidation state of the final product.  

The TEM analysis revealed that the inclusion of PAA during synthesis to coat 

the particles significantly influenced the size of the IONPs, reducing the mean 

particle size from 16 ± 3 nm for uncoated to 9 ± 2 nm for coated nanoparticles. 

The observed differences in hydrodynamic sizes between coated and uncoated 

nanoparticles measured by NTA aligned well with TEM images, highlighting 

the coating’s effectiveness in inhibiting particle agglomeration and promoting 

IONPs uniformity.  

Hydrodynamic size of PAA@IONPs were 22 nm smaller than bare IONPs. 

The reason that the addition of a polymer coating resulted in a decrease in 

hydrodynamic size rather than an increase is that the PAA coating was 

introduced before nucleation and formation of IONPs. As the nanoparticles 
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formed, they were immediately coated with PAA, which prevented 

aggregation and further growth, ultimately leading to the formation of smaller 

nanoparticles. Smaller nanoparticles have a higher surface area-to-volume 

ratio, which enhances their interaction with the surrounding medium and 

promotes better electrostatic stabilization [204, 205]. The UV-vis absorbance 

at 350 nm showed that PAA@IONPs exhibited smaller changes in peak 

intensity compared to bare IONPs, indicating better stability in an aqueous 

environment. Sedimentation studies further supported this, as PAA@IONPs 

demonstrated decreased sedimentation rates, reflecting their increased 

colloidal stability. Additionally, zeta potential measurements revealed that 

PAA@IONPs had more negative values, suggesting stronger repulsive forces 

between particles and thereby enhancing stability. Improved colloidal stability 

means that nanoparticles are less likely to aggregate and precipitate, which is 

critical for maintaining consistent interaction with hydrogen peroxide to 

enhance antibacterial activity, leading to more effective performance in water 

treatment.  

In this study, we aimed to enhance the efficacy of hydrogen peroxide by 

leveraging IONPs through the Fenton and Fenton-like reactions. This 

approach was expected to lower the required concentrations of hydrogen 
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peroxide. The impact of hydrogen peroxide on bacterial growth is highlighted 

in Figure 4 in the supplementary file, where lower concentrations (0.5 to 16 

mM) did not significantly affect growth, but levels above 81 mM markedly 

reduced it, with a 50% reduction observed at 182.25 mM, which is the 

concentration chosen for further studies. Figure 15 then compares the bacterial 

growth inhibition of uncoated IONPs and PAA@IONPs in the presence of 

hydrogen peroxide. It shows that bare IONPs at concentrations higher than 

1.825 mg/ml, significantly reduced bacterial growth compared to the control 

without nanoparticles. Although other samples exhibited increased bacterial 

inhibition, their impacts were not statistically significant. This could be 

because the bare surface of IONPs provides more active sites for catalyzing 

the Fenton and Fenton-like reactions compared to PAA-coated IONPs, where 

the polymer coating may hinder access to the iron cores necessary for the 

reaction. The lack of significant increase in bacterial inhibition at lower 

IONPs concentrations, indicated that the reactions were concentration-

dependent, with a minimum effective concentration of 1.825 mg/ml needed to 

observe a notable effect. 
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Figure 19 illustrates a decrease in pH to a more acidic environment following 

the incubation of nanoparticles with hydrogen peroxide, indicative of Fenton 

and Fenton-like reactions. 

Despite existing literature suggesting that neither IONPs nor PAA exhibits 

substantial antibacterial activity [79, 206], Nie et al. [187] have indicated that 

coating IONPs with PAA enhanced their bactericidal effects against 

Escherichia coli and Staphylococcus aureus. Nonetheless, our findings did 

not reveal a significant impact of the PAA@IONPs alone on P. aeruginosa. 

The bacterial inhibition studies (Figure 16) indicated that at the highest 

concentrations, PAA-coated IONPs could slightly inhibit bacterial growth 

compared to uncoated IONPs, while at lower concentrations, neither type of 

nanoparticle displayed substantial activity in the absence of hydrogen 

peroxide. This outcome supports the hypothesis that the bacterial growth 

inhibition observed in the previous experiment involving hydrogen peroxide 

was primarily due to the Fenton and Fenton-like reactions between ferrous 

and ferric iron and hydrogen peroxide molecules. 

Figure 17b illustrates that there was a specific concentration range of 

hydrogen peroxide within which the addition of IONPs could significantly 

enhance bacterial growth inhibition via the Fenton and Fenton-like reactions. 



 88 

At high concentrations, hydrogen peroxide alone was sufficient to inhibit 

bacterial growth, while at low concentrations, the generation of radical ROS 

through the Fenton and Fenton-like reactions was inadequate to effectively 

inhibit bacterial growth. In our study, the addition of IONPs in the presence 

of 182.25 mM hydrogen peroxide notably increased their efficacy in 

inhibiting bacterial growth. Combining Figure5-7, it is evident that IONPs 

alone do not affect bacterial growth. However, when combined with hydrogen 

peroxide, they significantly inhibit bacterial growth, and this effect intensifies 

at the optimum concentration of hydrogen peroxide (182.25 mM). This 

indicates that the impact of IONPs and hydrogen peroxide on bacterial growth 

inhibition is synergistic, not additive. 

The absence of bacterial colonies in the blank samples (Figure 18) confirmed 

that our experiments were not contaminated. Bacteria samples exhibited 

significantly higher colony numbers compared to other samples, indicating 

optimal conditions for bacterial growth. Samples treated with H2O2 showed 

significantly lower CFU compared to the bacteria-only samples, suggesting 

effective bacterial cell eradication. Although our previous data indicated that 

the presence of IONPs could enhance the bacterial inhibition growth effects 

of biocides by triggering the Fenton and Fenton-like reactions, the CFU 
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counts in the samples with IONPs were lower than those without, but the 

difference was not statistically significant. PAA-coated IONPs showed 

antibacterial activity slightly lower than samples with uncoated IONPs and 

slightly higher than the samples without nanoparticles but the differences were 

not statistically significant.  

Our data showed that the presence of IONPs can enhance the effectiveness of 

hydrogen peroxide. The literature reports that 294 mM of hydrogen peroxide 

effectively kills Escherichia coli in 75 min and Streptococcus faecalis in 180 

min [207]. With the aid of IONPs, we achieved a 90.2% kill rate of P. 

aeruginosa in 60 min. Although coatings can improve the storage stability and 

decrease the size of nanoparticles, the presence of polymer chains hindered 

the catalytic activity of IONPs with hydrogen peroxide. Future studies should 

investigate the impact of coating coverage on the colloidal stability and 

reactivity of IONPs in the Fenton reaction. Identifying the optimal coverage 

of IONPs that enhances their colloidal stability while maintaining their 

reactivity in the Fenton reaction could significantly benefit the water 

treatment industry. Our study was limited to P. aeruginosa, while future 

research should include other bacterial strains to draw more definitive 

conclusions. The application of alternating magnetic fields to induce 
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hyperthermia in these nanoparticles will be explored by our team, which could 

further reduce the required biocide concentrations for effective bacterial 

eradication. 

2-6- Conclusions 

This study attempted to find a solution to decrease the concentration of 

hydrogen peroxide necessary to limit bacterial growth in water sources. In this 

study, bare IONPs combined with hydrogen peroxide were effective against 

bacterial growth at concentrations higher than 1.825 mg/ml. PAA@IONPs 

combined with hydrogen peroxide were more effective than hydrogen 

peroxide alone, however, the difference was not statistically significant. 

Although coating the IONPs with PAA decreased the size of the nanoparticles 

and increased their colloidal stability, it also reduced their ability to inhibit 

bacterial growth. This reduction is most likely due to the smaller effective 

surface area available for Fenton and Fenton-like reactions to occur on the 

iron surface. This strategy holds promise for mitigating the spread of 

infectious diseases in diverse settings, ranging from hospital water systems to 

industrial applications and even space station water recovery systems.  
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Chapter 3: Alginate hydrogels loaded with 

pyruvate dehydrogenase enzyme: a novel wound 

dressing to disassemble Pseudomonas 

aeruginosa biofilm  
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3-1- Abstract 

Topical wounds require effective dressings to manage wound exudate, 

maintain moisture, and avoid infection. Alginate hydrogels are widely used 

clinically due to their biocompatibility, high absorbency, and ability to 

maintain a moist wound environment during healing; however, alginate can 

also promote bacterial biofilm formation and prolong healing. Depleting 

pyruvate using the enzyme pyruvate dehydrogenase (PDH) has been shown 

in both in vitro and in vivo studies to effectively disrupt biofilm structure. This 

study entraps PDH in alginate hydrogels to disperse/disassemble biofilms 

formed by a prevalent wound pathogen, Pseudomonas aeruginosa. PDH 

depletes pyruvate and alters the biofilm metabolism, resulting in the 

prevention and dispersion of biofilms. Alginate hydrogels exhibited 

compressive moduli ranging from 15 to 80 kPa, with the water content of all 

swollen hydrogels exceeding 90%, and demonstrated structural stability in 

simulated wound exudate. PDH loading of 0.85 U in 65 µl of alginate 

achieved maximum observed enzymatic activity, 60% of which was retained 

after six days. Notably, PDH-loaded hydrogels significantly reduced biofilm 

biomass by 40.94% ± 6.07 compared to media alone and by 80.05% ± 6.37 
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compared to the Dimora® commercial alginate dressing. Furthermore, PDH-

entrapped alginate hydrogels significantly reduce biofilm biomass without 

affecting the viability of human dermal fibroblasts, highlighting the 

commercial potential of the material. The successful integration of a biofilm 

metabolism-altering enzyme within wound dressings presents a promising 

avenue for improving chronic wound management and reducing the burden 

of biofilm-associated infections without the need for the discovery of new 

antibiotic drugs. 

 

Figure 21 Graphical abstract. Created with BioRender.com 



 94 

3-2- Introduction  

Skin is a vital barrier against external pathogens, and upon injury, a complex 

and highly regulated healing process begins [208, 209]. Wound dressings play 

a critical role in maintaining an optimal environment for healing and 

protecting the wound from infection. Due to their excellent swelling capacity 

and ability to maintain a moist environment, hydrogels are one of the primary 

material types used in wound dressings. An ideal wound dressing must meet 

several key criteria: sufficient mechanical integrity to withstand patient 

movement, conformability to the wound, high absorbency to manage wound 

exudate and retain absorbed fluids, minimal degradation during usage to 

ensure prolonged coverage, and limited potential for infection [210].  

 

Alginate is a commonly used biopolymer in FDA-approved wound dressings 

that is biocompatible, non-immunogenic, highly absorbent, and maintains a 

physiologically moist environment to promote wound healing. Despite its 

widespread clinical use, alginate can encourage the development of bacterial 

communities known as biofilms. Biofilms are surface-associated bacterial 

communities that are reticent to treatment and are a leading cause of non-

healing chronic wounds [211, 212]. The antibiofilm properties of several 
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commercially available wound dressings, including the calcium alginate 

dressing Algisite®-M, have been evaluated in comparison to no dressing and 

wet gauze [143]. With an initial biofilm biomass of 7.076 ± 0.436 log CFU/ml, 

after 24 hours of treatment, the biofilm biomass increases to 9.051 ± 0.204 log 

CFU/ml (~94-fold increase) with Algisite®-M, 6.075 ± 0.324 log CFU/ml 

(10-fold decrease) with no dressing, and 7.827 ± 0.385 log CFU/ml (~5.6-fold 

increase) with wet gauze. Given the widespread use of alginate-based wound 

dressings in clinical settings, this enhanced biofilm growth is concerning, as 

it may negatively impact wound healing and patient recovery. To address this 

issue, a common strategy is to incorporate silver nanoparticles into alginate 

dressings. In the same study, Acticoat® Absorbent—a commercially available 

silver-loaded alginate dressing designed to release 70–100 ppm of 

nanocrystalline silver ions over 7 days—causes biofilm biomass to reach 

6.206 ± 0.144 log CFU/l (~7-fold decrease) after 24 hours. Thus, while the 

addition of silver reduced biofilm formation relative to plain alginate, the 

biofilm biomass still increased over time and remained higher than the no-

dressing control. In a separate study on E. coli, S. aureus, P. aeruginosa, 

Streptococcus gordonii, Streptococcus mitis, Streptococcus mutans, 

Enterococcus faecalis, and Candida albicans, the incorporation of silver 
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nanoparticles results in a 44-61% reduction in biofilm mass after 24 hours of 

treatment; however, this reduction was fund to be highly bacterial strain-

specific [213].  

 

Although silver has demonstrated significant antimicrobial efficacy both in 

vitro and in vivo, when incorporated into dressings such as alginate, it does 

not exhibit strong antibiofilm activity. Moreover, silver can be cytotoxic to 

host cells at high concentrations, making controlled release essential [52]. 

Other strategies such as the addition of lactoferrin (LTF) [214], incorporation 

of silica [215], and stabilization with tannic acid [216] have been explored to 

enhance silver stability and its antibiofilm properties, but still remain under 

investigation. LTF, an iron cleaving protein, which can enhance silver’s 

antibiofilm properties by depriving iron. Moreover, LTF can bind with 

lipopolysaccharide, leading to the disruption of bacterial biofilms and 

prevention of re-colonization [217]. Incorporation of silica prevents AgNPs 

from aggregation and controls its release allowing for prolonged antimicrobial 

effects [215]. Stabilization of AgNPs in tannic acid also improves their long-

term usage by preventing aggregation [216]. In addition to AuNP, the 

incorporation of nitric oxide (NO) donors into alginate dressings can enhance 

antibacterial properties [218, 219], yet there are limitations, such as the short 
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half-life of NO itself and potential off-target effects [220, 221]. The addition 

of antimicrobial peptides (AMPs) such as human β-defensin 2 (hBD-2) and 

PP4-3.1 [222], D-Bac8c2,5 Leu, [223], and Chol-37 (F34-R) [224] to alginate 

has also been studied. Yet, AMPs face several limitations that hinder their 

clinical and commercial development, including potential toxicity, reduced 

activity in the presence of wound serum, susceptibility to proteases, and 

challenges in delivery and bioavailability [225]. Adding bacteriophages to 

alginate hydrogels can also add antibiofilm properties to the hydrogels [226, 

227]. But, this method is limited to particular bacterial species or even single 

strains [228]. In this work, we developed a metabolism-altering wound 

dressing using the enzyme pyruvate dehydrogenase (PDH), which can 

potentially address the above-mentioned shortcomings of alginate wound 

dressings.  

Our previous work supports the use of pyruvate depletion as a therapeutic 

approach to alter biofilm metabolism and induce dispersion. Dispersion is the 

last phase of biofilm formation during which more than 80% of the biofilm’s 

biomass can be shed, and the dispersed bacteria become as susceptible to 

antibiotics as those in the planktonic state [229]. Pyruvate depletion, achieved 

through the enzyme PDH, coincides with a significant reduction in the 
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biomass of P. aeruginosa biofilms [127]. Similar biomass reductions are 

observed when pyruvate depletion is induced in Staphylococcus aureus (S. 

aureus), causing 40% of biofilms to disperse when exposed to PDH compared 

to 8% in untreated colonies [128]. PDH has previously been encapsulated in 

poly(lactic-co-glycolic) nanoparticles (PLGA NPs) as a means of stabilizing 

enzyme activity during storage in a drug delivery platform [230]. In addition 

to this stabilization, PLGA NPs-encapsulated PDH disperse P. aeruginosa 

biofilms at levels comparable to those of unencapsulated PDH. This previous 

work motivates the current study, which focuses on mitigating the adverse 

outcomes of alginate wound dressings attributed to biofilms.  

In this work, the mechanical, chemical, and physical characterization of PDH-

loaded alginate hydrogels is summarized, along with biofilm growth assays, 

which compare the synthesized gels to clinically marketed dressings. Finally, 

biocompatibility with in vitro human dermal fibroblasts has been established, 

demonstrating the potential for this technology to disaggregate biofilms in the 

presence of these alginate wound dressings.  
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3-3- Materials and Methods 

3-3-1 Materials 

Calcium chloride (CaCl2), sodium pyruvate, sodium chloride (NaCl), sodium 

alginate (Na-Alg), pyruvate dehydrogenase from porcine heart (PDH), 

coenzyme A sodium salt hydrate (CoA), thiamine pyrophosphate (TPP), 

magnesium sulfate (MgSO4), bovine serum albumin (BSA), 3-(N-

Morpholino) propanesulfonic acid sodium salt (MOPS), and β-nicotinamide 

adenine dinucleotide hydrate (β-NADH) were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). Crystal violet (CV, certified biological stain), BD 

Difco™ LB Broth, and tris(hydroxymethyl)aminomethane were purchased 

from Fisher Scientific (Waltham, MA, USA). The Micro BCA™ Protein 

Assay Kit was purchased from Thermo Fisher Scientific (Waltham, MA, 

USA). P. aeruginosa (PAO1), strain MJ79 derived from PAO1-W (PMID 

10984043), was provided by the Wargo Lab (Burlington, Vermont, USA). The 

MBEC Assay® 96-well plate was purchased from Innovotech Inc. 

(Edmonton, Alberta, Canada). Human dermal fibroblast cells, normal human 

adult (HDFa) were purchased from ATCC (Manassas, Virginia, USA). 

Fibrolast basal medium supplemented with mixture C-39315 was purchased 

from PromoCell (Heidelberg, Germany). The ReadyProbes™ Cell Viability 
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Imaging Kit, Blue/Green was purchased from Thermofisher (Waltham, MA, 

USA). Ultrafiltered water was produced by Milli-Q Millipore Integral 10 

water purification system. Filtered centrifuge tubes with a molecular weight 

cutoff of 100 kDa and regenerated cellulose membrane were purchased from 

Amicon (Merck KGaA, Darmstadt, Germany). Phosphate Buffered Saline 

(PBS) was purchased from Sigma Aldrich (St. Louis, Missouri, USA). 

3-3-2 Methods 

3-3-3 Synthesis of PDH-loaded alginate hydrogels 

Alginate dressings are crosslinked ionically with divalent or polyvalent 

cations, such as calcium, magnesium, barium, zinc, or strontium, to form 

hydrogels. The use of calcium as the crosslinker adds hemostatic properties to 

the hydrogel [150]. In this study, Ca2+ ions crosslinked Na-Alg to entrap the 

enzyme PDH in hydrogels, as illustrated in Figure 22. Briefly, a buffer 

exchange process was used to remove glycerol from the supplied PDH and 

dissolve the enzyme in 50 mM MOPS at pH 7.4. The buffer-exchanged PDH 

solution was concentrated by centrifugation for 4 hours at 6500 rcf using 

filtered centrifuge tubes (molecular weight cutoff 100 kDa) and stored 

overnight in the refrigerator until use the next day. To prepare the hydrogels, 

varying concentrations and volumes of Na-Alg and CaCl2 (Table 2), based on 
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similar hydrogels created for wound dressings [231-233], were prepared in 

ultrapure water. Based on the units of the enzyme to be entrapped in the 

hydrogel, a specific volume of the enzyme solution was added to the Na-Alg 

solution and gently mixed by pipetting up and down slowly to minimize 

bubble formation. The mixture was placed into molds and frozen at -20°C for 

2 hours. Subsequently, CaCl2 was added dropwise to each mold. The mold 

was placed on a shaker (Fisher Scientific) with a speed of 20 tilts per minute 

for 30 minutes to facilitate crosslinking. After 30 minutes, to ensure an excess 

of Ca2+ was present for crosslinking throughout the thawing process, the 

solution was aspirated and replaced with fresh CaCl2 solution and then shaken 

for an additional 20 minutes. Finally, the remaining liquid was aspirated from 

the surface of the hydrogel, and the hydrogels were submerged in MOPS 

buffer to wash off any excess CaCl2. After washing with MOPS, the hydrogels 

were used for further studies. 
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Figure 22. Synthesis and characterization of alginate-PDH Hydrogels. Created with BioRender.com 

Table 2. List of alginate-PDH synthesis variables. All hydrogels were prepared with 2.5% Na-Alg and 0.4 M CaCl2.  

Na-Alg (ml)  PDH (U) 

720 7.198 

720 10 

240 2.9 

240 3.4 

65 0.05 

65 0.1 

65 0.2 

65 0.35 
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65 0.475 

65 0.6 

65 0.725 

65 0.85 

65 0.975 

65 1.1 

 

3-3-4 Unconfined Compression Testing 

The compressive modulus of a hydrogel wound dressing is a crucial measure 

of its structural integrity and conformability to the wound, quantifying the 

amount of stress per strain in the elastic region of material deformation [234]. 

The alginate hydrogels without PDH were subjected to uniaxial compression 

immediately after synthesis while still hydrated. Upon formation in molds 

(0.59 × 0.59 inches), the hydrogels were punched into cylindrical shapes (8 

mm diameter) to match the geometry of the compression platen. Unconfined 

compression tests were conducted at room temperature using a DHR-2 

rheometer (TA Instruments, Delaware, USA) equipped with flat, stainless 

steel compression platens (8 mm diameter) and a Peltier plate. Hydrogel 

samples with heights less than half their diameter (h < 0.5Ø) were positioned 
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on the Peltier plate, and the upper platen was lowered to apply a preload of 

0.01–0.03 N. The initial gap was recorded as the original gauge length for 

strain calculation. Compression was applied at a deformation rate of 10 μm/s 

until the samples reached 20% compressive strain. GraphPad Prism was 

employed to create stress-strain curves from the force-displacement data. 

Compressive strength was determined as the stress corresponding to 15% 

strain, while compressive moduli were calculated from the linear region of the 

stress-strain curve. To calculate the compressive modulus, the slope of the 

linear region of the stress-strain curve was determined. Slopes were calculated 

for 10% strain intervals within the range of 2% to 20% strain [235, 236]. The 

first slope with an R² value greater than 0.98 (indicating a strong linear fit 

within that range) was selected to calculate the compressive modulus. 

3-3-5 Scanning Electron Microscopy (SEM) 

Following crosslinking, the hydrogels were rapidly frozen using liquid 

nitrogen to preserve the internal structure. The frozen samples were 

lyophilized (Freezone 2.5, Labconco, MO, USA), cryo-fractured, and sputter-

coated (Cressington 108, Ted Pella, Inc., CA, USA) with a 10 nm layer of Au–

Pd for imaging. SEM (Zeiss Sigma 300 VP Field-Emission SEM, 

Oberkochen, Germany) was used to visualize the internal structure of the 
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crosslinked hydrogel. All samples were prepared in triplicate, with 10 

measurements taken from each replicate. This pore size data was analyzed 

using one-way ANOVA followed by Tukey’s post hoc test.  

3-3-6 Swelling and Weight Loss Study 

Swelling and weight loss studies are crucial for assessing the fluid absorption 

capacity and structural stability of hydrogel wound dressings, which are 

essential for maintaining prolonged functionality [237]. In this hydrogel 

design, diffusion of pyruvate and cofactors into the hydrogel is required for 

reaction with the entrapped PDH enzyme; therefore, a high swelling ratio 

further enhances the performance of the dressing. Alginate hydrogels with a 

constant CaCl2 concentration of 0.4 M and varying Na-Alg (2%, 2.5%, and 

3% (w/v)) were synthesized. The 0.4 M concentration of CaCl₂ was chosen 

because further increases do not affect the mechanical properties of alginate. 

Hydrogels were placed in a -80°C freezer overnight and subsequently 

lyophilized. The dry weights of the hydrogels were measured and recorded as 

Winitial dry. Next, each hydrogel was submerged in 4 ml of simulated wound 

exudate fluid for various periods of time (0.5, 1, 2, 3, 4, 8, 12, 24, 36, and 54 

hours), and the swollen weights were recorded as Wswollen. The simulated 

wound exudate fluid contained 0.02 M calcium chloride, 0.4 M sodium 
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chloride, 0.08 M tris-methylamine, and 2% (w/v) bovine serum albumin 

(BSA) dissolved in ultrapure water [237]. The swelling ratio and water content 

were calculated using Equations 1 and 2, respectively [238, 239]. 

 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 % =  
𝑊𝑆𝑤𝑜𝑙𝑙𝑒𝑛−𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑦

𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑦
 × 100   Equation 3 

𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 % =  
𝑊𝑆𝑤𝑜𝑙𝑙𝑒𝑛−𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑦

𝑊𝑆𝑤𝑜𝑙𝑙𝑒𝑛
× 100    Equation 4 

 

After measuring the swollen weights, the samples were dried again, and their 

final dry weights were recorded. The weight loss percentage was then 

calculated using Equation 5 [240, 241].  

Weight loss (%) = 
(𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑦 −𝑊𝑓𝑖𝑛𝑎𝑙 𝑑𝑟𝑦) 

𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑦
∗ 100   Equation 5 

 

3-3-7 Water Retention Capacity 

Wound dressings need to retain absorbed liquids even when subjected to 

external forces. One way to apply uniform force to the hydrogels and assess 

their ability to retain liquid is by using centrifugation [242, 243]. In this 

method, all hydrogels were initially dried according to the protocol described 

in the swelling study and then allowed to swell in water at room temperature 
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for 24 hours. The dry weight was recorded as Wd. The weight of the swollen 

samples was measured (denoted as Ws), and then they were centrifuged at 

various speeds (2000, 8000, and 16000 g) at room temperature. The weight 

after centrifugation was recorded as Wc. The water retention capacity was then 

calculated using the following equation: 

 

𝑊𝑅% =  
𝑊𝑐−𝑊𝑑

𝑊𝑠−𝑊𝑑
× 100    Equation 6 

 

3-3-8 Gelation Kinetics 

Rheometry was conducted using an AR2000 rheometer (TA Instruments, New 

Castle, DE, USA) with a Peltier plate to determine the viscosity of alginate 

solutions before gelation as well as the kinetics of gelation in ionically 

crosslinked alginate. These analyses were carried out at 37°C, using a 20-mm 

diameter 1°59’6” steel cone geometry with a 57 µm gap between the plate and 

the cone. The polymer solutions were placed on the rheometer plate, and the 

cone was adjusted until an axial force was detected. A range of shear rates, 

from 1 to 100 (1/s), was applied for 120 seconds to measure the viscosity (n 

= 4), which was then computed and graphed using TA Instruments Data 

Analysis software. To study the gelation kinetics of these precursor solutions, 
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measurements were performed at a frequency of 1 Hz and with a 1% 

oscillatory radial strain. For all samples, a 0.4 M solution of CaCl2 was 

sprayed on the sample half a minute into the test. 

3-3-9 Biochemical Assays: Enzyme Activity and Protein 

Quantification 

PDH activity was measured using an assay to quantify the conversion of β-

NAD+ to β-NADH, detected spectrophotometrically at 340nm over various 

time periods. This assay, referred to as the PDH activity assay, enabled the 

calculation of PDH activity (mU/ml) for each sample using an extinction 

coefficient of 6.22 mol-1cm-1 at 340 nm. Assays were conducted at room 

temperature in a total volume of 1 ml, including the following cofactors: 2 

mM β-NAD+, 2 mM CoA, 20 μM TPP, 50 μM MgSO4, and 10 mM sodium 

pyruvate dissolved in MOPS. At each time interval, 200 µl of the solution was 

aliquoted into a 96-well plate, and the absorbance was measured at 340 nm 

using a SpectraMax™ i3x microplate reader (Molecular Devices, USA).  

The amount of protein entrapped within each hydrogel was measured using a 

Micro BCA™ Protein Assay Kit. First, the hydrogels were dissolved in a 16.7 

mM sodium citrate solution under gentle rotation (Tube Revolver, Thermo 

Scientific, MA, USA) for 48 to 72 hours, depending on the size of the 
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hydrogels. Subsequently, the assay was conducted following the protocol 

provided by the manufacturer. Briefly, 150 μl of each sample was mixed with 

150 μl of BCA working reagent, incubated for 2 hours at 37°C, and the 

absorbance was read at 562 nm. The concentration was then calculated using 

the albumin standard curve, prepared with water as the solvent. 

3-3-10 Retention of Enzyme Activity After Storage 

To evaluate the storage stability of the PDH when entrapped in alginate 

hydrogels, three aliquots of unencapsulated PDH and three samples of PDH-

loaded hydrogels were submerged in a large volume of 50 mM MOPS buffer 

(pH 7.4) and incubated at 4 °C. Samples were collected after 24, 48, 96, and 

144 hours of incubation. All samples were continuously agitated, and aliquots 

were taken to perform both the PDH activity assay and the BCA protein assay. 

3-3-11 PDH Release Kinetics 

Each hydrogel sample was placed into a separate 15 ml conical, and 10 ml of 

MOPS buffer was added to initiate the release study. This experiment was 

performed at 35°C to simulate a topical wound environment [244]. To 

maintain sink conditions, the total volume of the release medium was 

significantly higher than the sample volume. The conicals were then placed 

on a shaker and agitated gently. For the first hour, samples were collected 
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every 20 minutes, followed by every 30 minutes for the next 5 hours, and then 

at 8, 10, and 12 hours. At each time point, two aliquots of 20 µl each were 

collected for the PDH activity assay and two aliquots of 150 µl each for the 

BCA assay. To measure the activity of the hydrogels after the release study, 

each sample was removed from the MOPS solution and submerged in 1 ml of 

PDH working solution. Each sample was placed on a tube rotator for 60 

minutes. Then, 200 µl of each sample was transferred to a 96-well plate, and 

the absorbance was measured at 340 nm.  

3-3-12 Biofilm Culture  

Pseudomonas aeruginosa (PAO1), generously donated from the Wargo lab, 

was stored at -80°C in media containing 10% skim milk. Bacteria were 

scraped and incubated in LB broth overnight at 37°C. The OD600 of the 

overnight culture was adjusted to 0.1 with 0.85% saline. Then, 150 µl of the 

10-fold diluted LB broth was added to each well of a minimum biofilm 

eradication concentration MBEC Assay® 96-well plate and incubated 

overnight at 37°C and 110 rpm to form biofilms on the pegs. Media contained 

2 mM β-NAD+, 2 mM CoA, 20 µM TPP, and 50 µM MgCl2 in 10-fold diluted 

LB. Negative control samples of bacteria alone lacked cofactors. PDH-loaded 

hydrogels and 150 µl of media were added to each well. Alginate hydrogels 
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containing heat-inactivated PDH (HI-PDH) were also tested as a control. The 

biofilms grown on the pegs were then placed into the wells containing the 

media with hydrogel samples at the bottom of the well and incubated for 24 

hours at 37°C and 110 rpm. After incubation, the biofilms were stained with 

1% CV dye, air-dried, placed in 150 µl of 95% ethanol, and the absorbance of 

the resulting CV solution was measured at 570 nm.  

3-3-13 Cell Culture 

Primary normal human adult dermal fibroblasts (HDFa) were seeded onto 96 

well plates at a density of 7,200 cells per cm2 and grown in fibroblast growth 

media, supplemented with 1 ng/ml basic fibroblast growth factor 

(recombinant human) and 5 µg/ml insulin (recombinant human) at 37°C with 

5% CO2. To quantify the cell viability in the presence of hydrogels, the 

Blue/Green ReadyProbesTM kit was used to determine the percentage of living 

cells. Following ISO 10993-5:2009, hydrogels (n=3) were washed twice with 

3 ml of PBS and twice with 3 ml of cell media before suspension in cell media 

for 24 hours to obtain hydrogel leachate [245-248]. After 24 hours, the 

leachate was diluted 1:2 nine times in cell media and added to confluent cells. 

Controls were 4% Triton X-100 and untreated cells exposed to media alone. 

After 24 hours of incubation with cells, the leachate was aspirated, and 
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NucBlue and NucGreen dyes, combined with cell media, were added to each 

well for 30 minutes before measuring at the respective fluorescence excitation 

and emission wavelengths 

3-3-14 Statistical analysis 

GraphPad Prism version 10.2.2 (GraphPad Software, CA, USA) was utilized 

for all statistical analyses. Unless otherwise noted, data were collected in 

triplicate and analyzed using two-way ANOVA followed by Tukey’s multiple 

comparison test, with statistical significance set at p < 0.05. The biofilm and 

cell viability assays were analyzed using a one-way ANOVA followed by 

Tukey’s post hoc t-test, with statistical significance set at p < 0.05, was 

performed with n=3 sample size in GraphPad Prism. 

3-4- Results and Discussion 

3-4-1 Optimizing Hydrogel Stiffness: Impact of Alginate and 

Calcium Concentrations 

The compressive modulus of a wound dressing is linked to patient comfort 

and the support of healing [249]. The compressive modulus of a hydrogel 

wound dressing is a vital indicator of its structural integrity and ability to 

conform to a wound, representing the stress-to-strain ratio within the 
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material's elastic deformation range [234]. Unloaded alginate hydrogels were 

tested under uniaxial compression immediately after synthesis, while still in 

their hydrated state in order to determine which formulation generated the 

most comparable stiffness to commercially available hydrogels. Alginate 

hydrogels crosslinked with Ca2+ ions exhibit a compressive modulus ranging 

from 1 to 100 kPa, depending on the concentrations of alginate and crosslinker 

[250, 251]. Hydrogels used in wound dressing applications typically have 

compressive moduli ranging from 15 to 90 kPa [252-255]. Figure 23 shows 

the effects of Na-Alg and CaCl2 concentrations in A and B, respectively. As 

shown in Figure 23B, increasing the Na-Alg concentration from 2% to 3% 

results in a significant rise in compressive modulus across all samples. This 

trend is attributed to the formation of a denser and more interconnected 

polymer network, which enhances the stiffness and resistance to deformation 

of the hydrogel [151, 256]. The modulus of the 2.5% sample falls between the 

values for 2% and 3%. Figure 23A shows that increasing the CaCl₂ 

concentration from 0.2 M to 1 M does not substantially impact the 

compressive modulus except in hydrogels with the highest Na-Alg 

concentration (3%), suggesting that at lower Na-Alg concentrations, 0.2 M 

CaCl₂ is sufficient for effective crosslinking. However, at 3% Na-Alg, the 
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addition of more CaCl₂ enables further crosslinking, resulting in a more robust 

and tightly crosslinked network with a higher compressive modulus. Notably, 

0.4 M CaCl₂ is the threshold concentration at which further increases do not 

significantly enhance the compressive modulus in any of the tested samples. 

Therefore, 0.4 M CaCl₂ was selected for use in subsequent studies.   

 

Figure 23. Compressive modulus of varying concentrations of Na-Alg and calcium chloride. A) Impact of calcium 

chloride concentration (0.2-1 M) on compression modulus of synthesized hydrogels, B) Impact of Na-Alg 

concentrations (2, 2.5, and 3%) on compression modulus of synthesized hydrogels. Data shown are mean ± standard 

error of the mean. n=3, *p<0.05, **p<0.005, ***p< 0.0003, ****p< 0.0001. 

3-4-2 Porous Microstructure of Alginate Hydrogels Enables 

Diffusion of Small Molecules for Enzyme Interaction 

SEM imaging was employed to examine the internal structure of the unloaded 

alginate hydrogels and assess the impact of Na-Alg concentration on pore 

morphology. The hydrogel was designed to allow diffusion of small molecules 

such as pyruvate into the hydrogel matrix, where they interact with the 

encapsulated PDH, followed by diffusion of the products out of the matrix. 
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Therefore, a porous structure with interconnected pores was essential to 

facilitate efficient small molecule transport while restricting movement of the 

large enzyme. Using SEM, images of the internal and external structures of 

the hydrogels were captured for the lowest (2%) and highest (3%) 

concentrations of Na-Alg, as shown in Figure 24E. The observed pore size 

range was consistent with previously reported data on alginate hydrogels at 

either Na-Alg concentration [235, 257]. PDH is a relatively large enzyme, 

with a diameter of approximately 45 nm [258]. A porous structure was 

essential for high encapsulation efficiency and to enable cofactors and 

pyruvate to diffuse while the enzyme was entrapped. The SEM images 

indicated that a porous, interconnected network was created within the 

alginate hydrogels, with pore sizes suitable for allowing the movement of 

small molecules through the matrix.  
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Figure 24. SEM images of the following samples: A) the external surface of 2% Alg- 0.4M CaCl2 hydrogel, B) the 

external surface of 3% Alg- 0.4M CaCl2 hydrogel, C) the cross-sectional surface of 2% Alg- 0.4M CaCl2 hydrogel, and 

D) the cross-sectional surface of 3% Alg- 0.4M CaCl2 hydrogel. E) Analysis of impact of varying Na-Alg concentration 

on hydrogels’ pore size by cross-sectional and surface imaging. Data shown are mean ± standard error of the mean. 

Number of hydrogel samples made from each composition = 3, number of measured pores from each sample 10, total 

of 30 measurements from each composition. ⚫p<0.01, p< 0.0001 compared to 3% Na-Alg 0.4 M CaCl2 – Surface. 

3-4-3 Swelling and Water Retention in Hydrogels 

A high swelling ratio is particularly crucial in this hydrogel system to enhance 

the diffusion of pyruvate and cofactors into the system, allowing them to react 

with the entrapped PDH. Furthermore, the swelling ratio is a measure of 

wound dressing efficacy in managing exudate absorbance, which promotes 

faster healing and reduces the risk of maceration. Figure 25A illustrates the 

swelling ratios of alginate hydrogels with varying concentrations of Na-Alg 

(2%, 2.5%, and 3%). The swelling behavior in the presence of simulated 
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wound exudate fluid was time-dependent, with a rapid increase during the first 

4 hours, followed by a slower absorption rate that stabilized after 12 hours. 

There was a statistically significant decrease in swelling behavior as the 

concentration of Na-Alg increased from 2% to 3%. A similar trend was 

observed in the water content percentage (Figure 25B). Both swelling 

behavior and water content percentage inversely correlate with crosslinking 

density, as hydrogels with tighter networks exhibit lower swelling ratios and 

reduced water content [239]. Following this trend, samples with higher Na-

Alg concentrations demonstrated a greater ability to absorb water and retain 

it effectively compared to those with lower concentrations. The water content 

capacity of all samples ranged from 74% to 94%, meeting the standard 

requirements for wound dressings [238]. 

The water retention capacity in the presence of simulated wound exudate 

fluid, shown in Figure 25C, further supports these findings. Among the tested 

concentrations, the sample with 2% Na-Alg exhibited a significantly lower 

capacity to retain water within its structure. There was no statistically 

significant change in water retention percentage when the Na-Alg 

concentration increased from 2.5 to 3%. This effect can be attributed to the 

hydrogel’s lower crosslinking density and larger pore sizes, which allowed 
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water to escape more readily. These results highlight the importance of 

optimizing Na-Alg concentration to achieve desirable swelling and retention 

properties for successful wound dressing applications.  

 

Figure 25. A) Swelling ratio percentage of hydrogels in water calculated by equation 3, B) water content percentage 

calculated by equation 4, and C) water retention percentage of varying concentrations (2, 2.5, and 3%) of Na-Alg 

crosslinked with 0.4 M CaCl2 over 54 hours compared to the initial dry weight. Data shown are mean ± standard error 

of the mean. Hydrogels were prepared in triplicate (n=3). 

3-4-4 Structural Stability of Alg Hydrogels in Water and 

Simulated Wound Fluid Vary Slightly with Alginate and 

Calcium Concentration 

In this hydrogel, minimal weight loss was essential to maintain the structural 

integrity of the PDH-loaded hydrogel, ensuring its stability and functional 
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performance in the presence of water and wound exudate. After an initial 

weight loss within the first 24 hours, no further significant changes were 

observed over the subsequent three days for any sample, except for the 2% 

Na-Alg hydrogel (Figure 26). This stability in the hydrogel structure is 

advantageous for this wound dressing application, as it ensures the integrity 

required to retain the enzyme within the hydrogel matrix while allowing the 

diffusion of pyruvate and wound exudate into the hydrogel. In clinical 

settings, alginate hydrogels are used to treat wounds that produce moderate to 

heavy exudate while the dressing is changed every one to three days [150]. 

These data indicated that the 2.5% and 3% samples did not exhibit significant 

structural degradation over three days, making them suitable for use in 

medical applications.  
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Figure 26. Weight loss study performed in ultrapure water on 2, 2.5, and 3 % Na-Alg crosslinked with 0.4 M CaCl2 

hydrogels after 24, 48, and 72 hours. Data shown are mean ± standard error of the mean. Hydrogels were prepared in 

triplicate (n=3).  *p < 0.04 and **p <0.003. 

The high salt concentration and moist environment of wounds can disrupt the 

hydrogel's polymer network, leading to structural degradation. To assess the 

swelling behavior of the hydrogels in a simulated exudate containing salt and 

protein, a more physiologically relevant solution than water, hydrogels were 

exposed to wound simulated fluid (WSF).  

When exposed to WSF, as shown in Figure 27, all hydrogels experienced 

negative weight loss. This outcome was attributed to the absorption of salts 

by the hydrogels, which increased their weight, resulting in a negative weight 

loss. Notably, the hydrogel with 2% Na-Alg exhibited a significant weight 

decrease from 24 to 48 hours, suggesting reduced structural stability in the 
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simulated wound exudate. In contrast, hydrogels with higher Na-Alg 

concentrations maintained their weight over the same period, indicating better 

structural integrity. 
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Figure 27. Weight loss in WSF on 2, 2.5, and 3 % Alg hydrogels crosslinked with 0.4 M CaCl2 after 24, 48, and 72 

hours. Data shown are mean ± standard error of the mean. Hydrogels were prepared in triplicate (n=3), *p < 0.02. 

3-4-5 Alginate Concentration-Dependent Viscosity and Rapid 

Gelation Kinetics 

Viscosity and gelation are critical for hydrogels as they determine their ease 

of application and directly impact the hydrogel's performance in drug delivery 

and wound healing by ensuring structural integrity and functionality. Figure 

28 shows the viscosity versus shear rate curves for 2%, 2.5%, and 3% Na-Alg 

solutions. Viscosities remained relatively consistent despite increasing shear 

rates, highlighting the non-Newtonian nature of Na-Alg solutions. The 



 122 

viscosity exhibited a concentration-dependent increase. For instance, at a 

shear rate of 57.33 s⁻¹, the viscosity values for 2%, 2.5%, and 3% Na-Alg were 

0.0492, 0.0547, and 0.0811 Pa·s, respectively. This trend aligns with previous 

studies that report enhanced viscosity with higher polymer concentrations 

[259]. The findings align with the polymer solution theory, which suggests 

that higher polymer concentrations lead to increased intermolecular 

interactions, thereby enhancing viscosity [260].  

 

Figure 28. Viscosity values versus shear rate at 2, 2.5, and 3% Na-Alg concentration of hydrogels. (n=1.) 

Figure 29 illustrates the gelation kinetics of Na-Alg solutions. Initially, within 

the first 30 seconds and before the addition of the crosslinker CaCl2, the loss 

modulus (G") exceeds the storage modulus (G'), indicating a predominantly 

liquid phase with viscous behavior. Upon the introduction of the crosslinker, 

there is a substantial increase in both G’ and G", suggesting the onset of 
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gelation. According to the literature, the gelation time of ionically crosslinked 

alginate is typically on the order of a few seconds [261]. In this study, all 

samples exhibit short gelation times (31–33 seconds), consistent with the 

rapid gelation behavior characteristic of alginate systems. 

 

 

Figure 29. Representative curves of storage (G’) and loss (G’’) moduli for ionically crosslinked alginate hydrogel. 

(n=1). 

Based on the gathered data, 2.5% Na-Alg and 0.4 M CaCl2 were selected for 

further analysis. These results for compressive moduli, weight loss 

percentage, and water retention indicated that 2% Na-Alg hydrogels exhibited 

significantly weaker mechanical and physical properties compared to higher 

concentrations. Additionally, 3% Na-Alg solutions were highly viscous 

(Figure 29), which was compounded by the already viscous enzyme solution. 

To dissolve the components, vigorous mixing by vortex was required, which 
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resulted in a loss of enzymatic activity [262]. Additionally, the high viscosity 

of the 3% Na-Alg solution made it difficult to mold the samples effectively. 

Therefore, 2.5% Na-Alg was determined to be the optimal choice for further 

development of PDH-encapsulating hydrogels. 

3-4-6 PDH-Loaded Hydrogels Achieve Threshold Activity for 

Biofilm Dispersion in Hydrogel Size-Constrained Matter 

Since the depletion of pyruvate disrupts bacterial metabolism and promotes 

biofilm dispersion, assessing the enzyme’s activity when entrapped in the 

hydrogels was critical. Previously published work from our group shows that 

the presence of 5 mU of unencapsulated enzyme resulted in a 2.2-fold 

reduction in biofilm biomass, while the addition of 10 and 20 mU of PDH 

resulted in a 2.9-fold reduction [128]. In vitro and in vivo studies indicate that 

5 mU of unencapsulated PDH has sufficient enzymatic activity to disperse 

biofilms [129]. In the present study, 5 mU of unencapsulated PDH was used 

as a baseline comparison to the encapsulated samples. Figure 30 displays the 

activity of various PDH-encapsulating hydrogels compared to unencapsulated 

PDH over 60 minutes. The initial studies were conducted on hydrogels formed 

in round molds with a diameter of 8 mm and a volume of 240 μl, as well as 

hydrogels molded with a surface area of 15x15 mm with a total volume of 720 
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μl. These data show that samples 720 ml Alg + 10 U PDH, 240 ml Alg + 2.9 

U PDH, and 240 ml Alg + 3.4 U PDH show the same level of activity as the 

5 mU unencapsulated PDH, meeting the threshold for antibiofilm activity 

[128].  

To conduct biofilm assays on the MBEC Assay® platform, smaller hydrogels 

of 65 μl volume were necessary. The activity study demonstrates that when 

the alginate hydrogel volume is 65 μl, the enzymatic activity is significantly 

lower than that of unencapsulated PDH. At concentrations below 0.35 U, the 

PDH encapsulated within the hydrogels shows minimal activity. However, the 

activity increases with enzyme concentration, reaching a plateau beyond 0.85 

U of encapsulated PDH. This concentration-dependent trend contrasts with 

previous studies encapsulating PDH in PLGA nanoparticles, where increasing 

the loaded PDH led to fluctuations in activity, and a sharp drop was observed 

after reaching peak activity [230]. The variability in the activity of the NPs 

suggests that alginate hydrogels offer a more predictable and reliable material 

for future use. Figure 30B displays the activity of PDH normalized by the 

volume of the hydrogel. Although direct comparison of the different size 

hydrogels with matched theoretical loading was not possible due to variations 

in the concentration of the enzyme, enzyme activity appears to depend 
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somewhat on hydrogel size. For example, when theoretical loading is 0.013 

U/μl, activity differs between small and large hydrogels, implying that 

diffusion-based transport limitations should be investigated further. 

In previous studies when PDH was encapsulated in PLGA NPs, activity 

increased from 1.9 to 30.2 mU/ml as the loaded PDH increased from 3.488 U 

to 6.96 U [230]. In the current hydrogel system, the highest activity observed 

was 17.7 ± 6.86 mU/ml at 0.85 U of loaded PDH. Although this value is lower 

than expected, due to the size constraints of the well plate preventing an 

increase in hydrogel volume, this formulation was selected for further study. 

In other studies, alginate hydrogels loaded with enzymes such as β-

galactosidase and maltogenic amylase have demonstrated higher enzymatic 

activities of 0.65 IU/ml and 17.0 U/mg, respectively. However, it is important 

to note that these enzymes and their catalytic reactions differ significantly 

from PDH. More importantly, those systems were designed for enzyme 

release, allowing the enzymes to diffuse and freely interact with cofactors in 

the surrounding medium, thereby maximizing catalytic efficiency. In contrast, 

in our system, PDH remains entrapped within the hydrogel matrix, and the 

reaction depends on the passive diffusion of cofactors and pyruvate into the 

hydrogel. The enzymatic conversion occurs within the confined environment 
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of the hydrogel, and substrate exchange is limited to the rate of diffusion and 

replenishment from the surrounding solution [263, 264].  

 

Figure 30. A) PDH activity of PDH-loaded alginate hydrogels with sizes of 720 µl, 240µl and 65µl and values of 0.05, 

0.1, 0.2, 0.35, 0.475, 0.6, 0.725, 0.85, 0.975, 1.1, 2.9, 7.198, and 10 U loaded PDH. B) PDH activity normalized per the 

volume of hydrogels vs. the initial U PDH of loaded enzyme per µl of hydrogel (theoretical loading). Data shown are 

mean ± standard error of the mean. Hydrogels were prepared in triplicate (n=3). Statistically significant comparisons 

denoted as ◼p<0.001, p< 0.0001 compared to unencapsulated PDH. Statistically significant comparisons denoted as 

⚫p<0.001, ◆p<0.01 compared to Alg 65 µl + 0.0131 U PDH. 

3-4-7 Effect of PDH Loading on Encapsulation Efficiency is 

Insignificant Above 0.2 U 

Encapsulation efficiency is essential for hydrogels as it determines how 

effectively bioactive agents, like PDH, are incorporated and retained within 

the gel. The encapsulation efficiency (EE%) was measured for various 

concentrations of entrapped PDH inside the alginate hydrogels. Figure 31 

shows an inverse relationship between the amount of PDH added and the EE% 

within the alginate matrix. At lower enzyme concentrations, particularly 0.05 
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U and 0.1 U PDH, the EE% is significantly higher, reaching approximately 

35%. This elevated efficiency at low PDH loadings is attributed to the 

availability of free volume within the alginate network, which facilitates the 

effective entrapment of the enzyme. However, as the PDH concentration 

increases beyond 0.1 U, a decline in EE% is observed, likely due to limited 

free volume within pores. Moreover, at higher enzyme concentrations, PDH 

may exhibit aggregation behavior or interfere with the gelation dynamics of 

the alginate matrix, reducing its ability to become efficiently entrapped. 

Compared to other studies, the EE% for PDH in alginate is significantly lower 

than enzymes such as β-galactosidase and acetylcholinesterase, which have 

been shown to be encapsulated at 72% and 68%, respectively [264, 265]. Both 

β-Galactosidase and acetylcholinesterase are twenty times smaller than PDH, 

so their high EE% is likely due to this size disparity. Despite this decrease in 

EE%, activity assays reveal that functional enzyme activity continues to 

increase with higher PDH loading, reaching a plateau at 0.85 U. Therefore, 

from both an efficiency and activity standpoint, 0.85 U may represent the most 

practical upper limit for enzyme loading in this alginate-based delivery 

system. In the study on the encapsulation of PDH into PLGA NPs, the EE% 

was 11.5 ± 6.0%, with no established trend observed between the 
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concentration of PDH and the EE%. These results suggest that the hydrogel 

may serve as a more reliable material for encapsulating PDH compared to 

PLGA NPs.  
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Figure 31. EE% of PDH in amounts of 0.05, 0.1, 0.2, 0.35, 0.475, 0.6, 0.725, 0.85, 0.975, and 1.1 U in 65μl alginate 

hydrogels. Data shown are mean ± standard error of the mean. Hydrogels prepared in triplicate (n=3). ⚫p<0.01 and 

p<0.001 compared to Alg hydrogels containing 0.05 U PDH. ◼p<0.01 compared to Alg hydrogels containing 0.1 U 

PDH. 

3-4-8 Alginate Encapsulation Preserves PDH Activity with 

Gradual Decline Over Time 

Retaining enzyme activity over time is crucial to ensure sustained 

antibacterial properties. The activity of alginate-entrapped PDH was 

compared to that of unencapsulated PDH stored at 4 °C under matched 

conditions to evaluate the activity after storage over six days.  Figure 

32displays the activity of both samples, which declines over time. The loss of 
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activity in the entrapped sample was more pronounced than in the 

unencapsulated PDH. However, previous work with PLGA-entrapped PDH, 

demonstrates a rapid initial decrease in activity with activity falling to below 

30% within the first 50 hours [230]. In contrast, the alginate-based system 

retained almost full activity during the first 24 hours, with a gradual decline 

thereafter, retaining approximately 60% of its initial activity after six days. 

Interestingly, while the PLGA system showed some recovery in activity over 

time, the alginate formulation demonstrated a more predictable and consistent 

loss of activity.  

 

Figure 32. Percentage of retained activity of PDH loaded in alginate hydrogels compared to unencapsulated PDH after 

incubation at 4 °C. Data shown are mean ± standard error of the mean. Hydrogels prepared in triplicate (n=3). 
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3-4-9 Most PDH Is Retained Alginate Hydrogels for >12 hours 

Retaining enzymes within the hydrogel is vital to ensure sustained activity 

and localized functionality over time. Cumulative enzyme release and 

corresponding activity are presented in Figure 33. Importantly, as shown in 

Figure 33A, after 12 hours of incubation in buffer, 28.01 ± 13.43% of the 

entrapped enzyme was released from the hydrogel, indicating that most of the 

enzyme is retained over a time period suitable for the wound dressing to be 

used in practice, as desired. Figure 33B demonstrates that the released fraction 

of the enzyme exhibited no enzymatic activity over the entire release period. 

In contrast, the activity of the hydrogels themselves after 12 hours of 

incubation in the stated conditions was still 48.97 ± 4.62% of the initial 

activity. The percentage of enzymatic activity relative to the initial activity 

showed that the activity retained within the hydrogels after incubation was 

significantly higher than that of the released enzyme at each time point during 

the 12-hour period (p < 0.0001).Together, these results validate the intended 

design of this delivery system whereby PDH is entrapped within the hydrogel 

while pyruvate and cofactors diffuse into the polymeric matrix, enabling the 

enzymatic reaction to occur in situ. Additionally, the limited release of PDH 

minimizes the risk of unwanted metabolic effects in surrounding healthy 
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tissues while still enabling localized biofilm disruption or metabolic 

modulation at the wound site.   

 

Figure 33. A) Cumulative release percentage of PDH over 12 hours. B) The percentage of enzyme activity compared to 

initial activity resulting from the released enzyme over 12 hours as well as activity from the hydrogel itself after 12 

hours in solution. Data shown are mean ± standard error of the mean. Hydrogels were made in triplicate and Samples 

taken in duplicate from each hydrogel.  

3-4-10 Alginate Hydrogels Loaded with 0.85 U PDH 

Significantly Reduce P. aeruginosa Biofilms  

One of the major pathogens of concern in wounds is P. aeruginosa, a Gram-

negative bacterium that can establish a biofilm wound infection reaching 

approximately 1 × 10⁹ CFU per gram of burn tissue within 7 days, regardless 

of the initial inoculum size [266]. In this biofilm study, alginate hydrogels 

containing varying concentrations of PDH (0.35 to 0.85 U) were exposed to 

biofilms, and the biomass after treatment was compared with a commercially 

available alginate wound dressing (Dimora) and controls. This 

concentration range was selected based on the enzyme activity studies shown 



 133 

in Figure 10, which showed that loading less than 0.35 U of PDH resulted in 

negligible enzymatic activity, while activity was maximized at a loading of 

0.85 U.  

Among the tested samples, only the hydrogel containing 0.85 U of PDH 

significantly reduced biofilm biomass, with a decrease of over 40.94 ± 6.54% 

compared to the control. The unencapsulated PDH sample (5 mU) led to an 

even greater reduction in biomass. However, the entrapped PDH system has 

the potential to perform comparably, if not better, under optimized conditions. 

One limitation of this study was the small volume of hydrogel used for biofilm 

testing. As shown in Figure 34, using larger volumes of alginate allowed for 

more enzyme to be entrapped, leading to higher retained enzymatic activity. 

However, due to the 96-well plate format and the use of peg lids to grow the 

biofilms, hydrogel volume was restricted to 65 µl to avoid direct contact with 

the cultured biofilms. 

Despite this limitation, a dose-response relationship was observed, with 

increasing PDH concentrations correlating with greater biofilm biomass 

reduction. Notably, the alginate-PDH formulation at 0.85 U showed 

significantly better anti-biofilm performance than the commercial wound 

dressing, decreasing the biofilm biomass by 80.05 ± 6.37 % comparatively. 
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These results highlight the promise of this technology for biofilm control and 

support further optimization of formulation volume and enzyme loading to 

enhance therapeutic potential. Although not tested here, PDH-loaded alginate 

hydrogels also hold promise to prevent biofilms [128], further highlighting 

their potential impact.  

 

Figure 34. Biofilm biomass after treatment with PDH-loaded alginate hydrogels containing amounts of 0.35, 0.475, 0.6, 

0.725, and 0.85 U PDH as well as 0.85 U of HI-PDH, Dimora® wound dressing, and untreated samples after 24 hours, 

Data shown are mean ± standard error of the mean. Hydrogels were prepared in triplicate (n=3), Statistically significant 

results compared to untreated control designated with ◼ p< 0.001, p< 0.0001. 
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3-4-11 Safe and Effective: PDH-Loaded Hydrogels Reduce 

Biofilms Without Inducing Human Fibroblast Cytotoxicity 

To assess the cytotoxicity of the synthesized alginate hydrogels loaded with 

PDH, confluent HDFa fibroblasts were exposed to leachate dilutions obtained 

from alginate hydrogels containing 0.85 U of PDH over 24 hours. Cell 

viability was compared to that of a commercial alginate wound dressing, 

unloaded alginate hydrogels, and unencapsulated PDH (5 mU). The 

concentration of 0.85 U was chosen based on previous biofilm and activity 

studies, which demonstrated maximal enzymatic activity and biofilm biomass 

reduction at this level. As shown in Figure 35, the percent cell viability for the 

unencapsulated PDH at ½ dilution, PDH-loaded hydrogel, and commercial 

hydrogel were 73.62 ± 9.10%, 81.52 ± 8.53%, and 88.64 ± 11.98%, 

respectively. These were the only samples statistically different from the 

media-only control. These results indicate that while unencapsulated PDH 

approaches the cytotoxicity threshold of 70% (ISO 10993, [245]), its 

entrapment in alginate alleviates the toxicity concern. Overall, the data 

indicate that this hydrogel system not only significantly reduces biofilm 

biomass but is non-cytotoxic to human dermal fibroblasts.  
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Figure 35 The percent viability compared to cell-only control of HDFa cells exposed to leachate dilutions for 24 hours 

of A) Dimora® commercial wound dressing, B) unencapsulated PDH, C) alginate hydrogels prepared without 

encapsulant, and D) PDH-loaded hydrogel. Data shown are mean ± standard error. Leachate samples were taken in 

triplicate from individual hydrogels (n=3). Statistical significance denoted as p<0.01 and p<0.0001 compared to 0 

dilution factor. 

3-5- Conclusion 

This study demonstrates the feasibility of using PDH-loaded alginate 

hydrogels to disrupt bacterial biofilms, offering a novel strategy for chronic 

wound management. The optimized hydrogel formulation not only met the 

mechanical and swelling criteria for wound applications but also successfully 

retained enzymatic activity over several days. The significant reduction in P. 



 137 

aeruginosa biofilm biomass, particularly in comparison to commercial 

alginate dressings, underscores the therapeutic potential of this metabolism-

altering approach. Moreover, the improved biocompatibility observed with 

encapsulated PDH supports its suitability for direct wound contact. However, 

a notable limitation of this system is its relatively low encapsulation 

efficiency, which may limit the amount of active enzyme delivered per unit 

volume. Future work should focus on improving encapsulation strategies—

potentially through surface modification, co-polymers, or microstructural 

optimization—to enhance loading efficiency without compromising release 

kinetics or bioactivity. Additionally, in vivo validation and studies 

investigating synergistic effects with antibiotics will be essential to fully 

realize the clinical potential of this platform. Collectively, this work advances 

the field of biofilm-interfering wound dressings by establishing a hydrogel 

system capable of sustained enzyme delivery and targeted biofilm disruption. 
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Chapter 4: Oxidized Alginate and 

Carboxymethyl Chitosan Composite Hydrogels 

Loaded with Pyruvate Dehydrogenase: A 

Strategy to Reduce Pseudomonas Aeruginosa 

Biofilm Growth  
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4-1- Abstract 

Topical wounds necessitate effective dressings to retain moisture, control 

wound exudate and prevent infection. Alginate hydrogels are commonly 

utilized in clinical settings for their superior absorbency, biocompatibility, and 

capacity to sustain a moist environment conducive to healing. However, 

alginate's properties can also encourage bacterial biofilm development, 

potentially delaying the healing process. This study loads the enzyme 

pyruvate dehydrogenase (PDH) into composite oxidized alginate and chitosan 

(OAlg:CMC) hydrogels to disrupt Pseudomonas aeruginosa biofilms. By 

depleting pyruvate and modifying biofilm metabolism, PDH effectively 

prevents and disperses biofilm formation. Two oxidized alginate samples with 

different degrees of oxidization (OD), 10% and 25%, were used to form the 

composite. OAlg:CMC hydrogels with 10% OD demonstrated a compressive 

modulus of 9.72  1.17 kPa, whereas 25% OD OAlg:CMC hydrogels had 

significantly lower compressive modulus of 4.26  1.35 kPa. Since the 

compressive modulus of soft wound dressings is the minimum of 6 kPa, 10% 

OD was further explored. All 10% OD hydrogels maintained over 60% water 

content, with the 3% OAlg:1% CMC formulation retaining more than 74% 

water in simulated wound exudate, falling within the acceptable range for 
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commercial wound dressings. Maximum enzymatic activity in 10% OD 

hydrogels were achieved with a PDH loading of 1.15 U in 65 µl of 

OAlg:CMC. Compared to the media, (10%OD) 3%OAlg:1%CMC +1.15 

PDH, and (10%OD) 3%OAlg:1%CMC samples decreased the biofilm 

biomass by 22.51 ± 0.26%, and 2.77 ± 6.36%, respectively. Incorporating an 

enzyme that alters biofilm metabolism into wound dressings offers a 

promising strategy to enhance chronic wound care and mitigate biofilm-

related infections, reducing reliance on the development of new antibiotic 

drugs. 

4-2- Introduction 

Chronic wounds fail to progress through the normal stages of healing and 

often do not reach anatomic and functional integrity after one month of care 

[267]. In order to treat chronic wounds, the development of multifunctional 

wound dressings is essential. An ideal dressing should exhibit several key 

characteristics, including effective absorption and retention of wound 

exudate, antibiofilm activity, and biocompatibility [268]. Biofilms are 

structured bacterial communities that exhibit enhanced tolerance to antibiotics 

and host immune defenses [269]. Hydrogels are ideal candidate for wound 

dressing applications due to their flexible porous structure and high capacity 
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to absorb liquid. Hydrogels maintain an ideal wound environment by 

supplying moisture to the wound while simultaneously absorbing excess 

exudate to protect wound from infection [268]. However, since most 

hydrogels lack intrinsic antibacterial properties, it is important to incorporate 

additional components that can provide this missing element, completing the 

puzzle of an effective wound dressing. 

Alginate, a commonly used biopolymer in FDA-approved wound dressings, 

known for its biocompatibility, non-immunogenic nature, high absorbency, 

and ability to maintain a physiologically moist environment that supports 

wound healing. Despite alginate's common usage in wound care, it can 

inadvertently promote biofilm growth [143]. In our previous study, the 

alginate-based wound dressing Dimora® increases Pseudomonas aeruginosa 

biofilm biomass by 3.22-fold compared to the media control after 24 hours of 

incubation [270]. In a similar study, the calcium alginate dressing Algisite®-

M is associated with an increase in biofilm biomass, rising from an initial 

value of 7.076 ± 0.436 log CFU/ml to 9.051 ± 0.204 log CFU/ml after 24 

hours of treatment [143]. In contrast, biomass reaches 6.075 ± 0.324, and 

7.827 ± 0.385 log CFU/mL, when no dressing, and wet gauze are applied, 

respectively.  
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Our prior studies demonstrate that pyruvate depletion can modulate biofilm 

metabolism and promote dispersion [128, 129]. Pyruvate dehydrogenase 

(PDH) can reduce biofilm biomass via pyruvate depletion happens in both P. 

aeruginosa and S. aureus biofilms [128]. PDH entrapment in both alginate 

hydrogels and PLGA nanoparticles preserve enzymatic activity, and lead to 

dispersion in P. aeruginosa biofilms [230, 270]. Alginate hydrogels entrapped 

with PDH show physio-mechanical properties comparable to the commercial 

wound dressings with 40.94% ± 6.07 biofilm biomass reduction compared to 

media alone and by 80.05% ± 6.37 compared to the Dimora® commercial 

alginate dressing [270].   

To further improve antibacterial properties of alginate hydrogel, we aimed to 

incorporate another biopolymer to the alginate matrix. Among biopolymers, 

chitosan is one of the few that exhibits inherent antibacterial activity. The 

combination of chitosan and alginate for the development of antibacterial 

wound dressings has gained significant attention in recent years. Chitosan has 

also been used in FDA-approved wound dressing products and possesses 

excellent biocompatibility, antibacterial properties, and antioxidant activity 

[152]. Yet, its application has been constrained due to its poor water solubility. 

For this study, carboxymethyl chitosan (CMC) was chosen because it is 
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commonly used in wound dressing applications and its ability to promote 

wound healing by activating macrophages and accelerating fibroblast growth 

[271].  In a study evaluating the antibacterial properties of oxidized alginate 

(OAlg):CMC against two bacterial strains, Streptococcus mutans and 

Streptococcus sobrinus, the effectiveness of OAlg:CMC was found to depend 

on both the weight ratio of OAlg to CMC and the bacterial strain. 

Streptococcus mutans was 1.82 times more susceptible to OAlg:CMC than 

Streptococcus sobrinus  [272].  

In this work, the chemical, physical, and mechanical properties of OAlg and 

CMC hydrogels are characterized, along with the impact of CMC on the 

antibiofilm performance of these hydrogels. Subsequently, the effects of 

loading PDH into the hydrogel system are investigated.  

4-3- Materials and Methods 

4-3-1 Materials 

Calcium chloride (CaCl2), ethylene glycol, potassium iodide, starch, sodium 

periodate, sodium pyruvate, sodium chloride (NaCl), sodium alginate (Na-

Alg), pyruvate dehydrogenase from porcine heart (PDH), coenzyme A sodium 

salt hydrate (CoA), thiamine pyrophosphate (TPP), Phosphate Buffered 

Saline (PBS), magnesium sulfate (MgSO4), Deuterium oxide (D2O), bovine 
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serum albumin (BSA), MOPS (3-(N-Morpholino) propanesulfonic acid) 

sodium salt, and β-nicotinamide adenine dinucleotide hydrate (β-NADH) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Carboxymethyl 

chitosan was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). 

Crystal violet (certified biological stain), dialysis tubing, BD Difco™ LB 

Broth, and tris(hydroxymethyl)aminomethane were purchased from Fisher 

Scientific (Waltham, MA, USA). Micro BCA™ Protein Assay Kit was 

purchased from Thermo Fisher Scientific (Waltham, MA, USA). P. 

aeruginosa (PAO1), strain MJ79 derived from PAO1-W (PMID 10984043) 

was provided by the Wargo Lab (Burlington, Vermont, USA). Ultrafiltered 

water was produced by Milli-Q Millipore Integral 10 water purification 

system. Filtered centrifuge vials with a molecular weight cutoff of 100 kDa 

were purchased from Amicon (Merck KGaA, Darmstadt, Germany). 

4-3-2 Methods 

4-3-3 Synthesis of oxidized alginate 

One common way of adding CMC to alginate is through Schiff bonding 

between CMC and aldehyde groups of OAlg. This is most commonly done by 

introducing sodium periodate to alginate [272]. The process of partial 

oxidation of sodium alginate is illustrated in Figure 36. Sodium periodate 
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(NaIO₄) was used to introduce aldehyde functional groups into the polymer 

backbone of sodium alginate. A 6% (w/v) NaIO₄ solution was added to 1.8% 

(w/v) alginate solution dissolved in ultrapure water in the dark for 24 hours at 

room temperature. The molar ratio of NaIO₄ to uronic acid residues was 

calculated to determine the theoretical oxidation degree (OD), which is show 

in Equation 7. The reaction was quenched by adding a molar equivalent of 

ethylene glycol to NaIO₄. Dialysis (6–8 kDa MWCO) was performed using 

deionized water for four days with frequent water bath changes. After dialysis, 

the solution was frozen in ice cube trays and lyophilized to yield dry OAlg 

powder.  

Equation 7 

Theoretical OD%= (
𝑚𝑜𝑙𝑒 𝑜𝑓 𝑁𝑎𝐼𝑂4 𝑢𝑠𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑑 𝑢𝑟𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 𝑢𝑛𝑖𝑡𝑠
) × 100 =

𝑔𝑟𝑎𝑚 𝑜𝑓 𝑁𝑎𝐼𝑂4 𝑢𝑠𝑒𝑑

𝑀𝑤 𝑜𝑓 𝑁𝑎𝐼𝑂4
𝑔 𝑜𝑓 𝐴𝑙𝑔 𝑢𝑠𝑒𝑑

𝑀𝑤 𝑜𝑓 𝐴𝑙𝑔
×

𝑀𝑤 𝑜𝑓 𝐴𝑙𝑔

𝑀𝑤 𝑜𝑓 𝑟𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔 𝑢𝑛𝑖𝑡𝑠

×

100 =  
198× 𝑔 𝑜𝑓 𝑁𝑎𝐼𝑂4

213.89 × 𝑔 𝑜𝑓 𝐴𝑙𝑔
× 100. 
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Figure 36 A) synthesis process of OAlg B) scheme of chemical reaction through oxidation of alginate Created using 

Biorender.com and ChemDraw 

4-3-4 Measurement of oxidation degree 

The degree of oxidation of OAlg was measured by quantifying the unused 

sodium periodate in the reaction mixture using UV–Vis spectrophotometry 

[273, 274]. An indicator solution was prepared by mixing equal volumes of 

20% (w/v) potassium iodide (KI) and 1% (w/v) soluble starch in PBS (pH 

7.0). Prior to quenching, a 1 ml aliquot of the reaction mixture was diluted to 
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250 ml with ultrapure water. A 3 mL portion of the diluted sample was then 

combined with 1.5 ml of the indicator solution and adjusted to a final volume 

of 5 ml with distilled water. The absorbance of the resulting triiodide–starch 

complex was immediately measured at 486 nm using a UV–Vis 

spectrophotometer. The concentration of unreacted periodate was determined 

using a pre-established standard curve (range: 8–20 µM), and the oxidation 

yield was calculated based on the difference in periodate concentration before 

and after the reaction. 

𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑌𝑒𝑖𝑙𝑑 =  
𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑝𝑒𝑟𝑖𝑜𝑑𝑎𝑡𝑒 (𝑚𝑜𝑙)

𝑡𝑜𝑡𝑎𝑙 𝑝𝑒𝑟𝑖𝑜𝑑𝑎𝑡𝑒 (𝑚𝑜𝑙)
× 100.               Equation 8 

4-3-5 Synthesis of hydrogels 

Glycerol was removed from the supplied PDH through a buffer exchange 

process, and the enzyme was dissolved in 50 mM MOPS buffer at pH 7.4. The 

resulting solution was then concentrated by centrifuging at 6500 rcf for 4 

hours using 100 kDa cutoff filtered tubes and stored in the refrigerator 

overnight for use the following day. To prepare the hydrogels, varying weight 

ratios of OAlg and CMC were used, as shown in Table 3. OAlg and CMC 

were dissolved in ultrapure water, placed into 96-well plates as molds, and 

mixed on a shaker (Fisher Scientific) at 20 tilts per minute for 10 minutes. For 

samples containing PDH, a specific volume of enzyme solution was added to 
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the OAlg and CMC solution based on the desired enzyme units, and gently 

mixed by pipetting up and down to minimize bubble formation. These samples 

were then also placed on the shaker for 10 minutes. The resulting mixtures 

were transferred into molds and frozen at −20 °C for 2 hours. After freezing, 

CaCl₂ solution was added dropwise to each mold. The molds were placed on 

a shaker (20 tilts per minute) for 30 minutes to facilitate crosslinking. To 

ensure an excess of Ca²⁺ during the thawing process, the CaCl₂ solution was 

aspirated and replaced with a fresh solution, followed by an additional 20 

minutes of shaking. Finally, the remaining liquid was removed, and the 

hydrogels were submerged in MOPS buffer to wash off any excess CaCl₂. 

After washing, the hydrogels were used for further studies. 

Table 3 Various compositions of OAlg:CMC hydrogels 

Sample composition 

10%OAlg(3%w/v) + CMC (1% w/v) 

10%OAlg(3%w/v) + CMC (1.5% w/v) 

25%OAlg(3%w/v) + CMC (1% w/v) 

25%OAlg(3%w/v) + CMC (1.5% w/v) 

10%OAlg(2.5%w/v) + CMC (1% w/v) 

10%OAlg(2.5%w/v) + CMC (1.5% w/v) 

10%OAlg(2%w/v) + CMC (1% w/v) 
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10%OAlg(2%w/v) + CMC (1.5% w/v) 

25%OAlg(2.5%w/v) + CMC (1% w/v) 

25%OAlg(2.5%w/v) + CMC (1.5% w/v) 

25%OAlg(2%w/v) + CMC (1% w/v) 

25%OAlg(2%w/v) + CMC (1.5% w/v) 

Alginate 

 

4-3-6 H-NMR analysis 

The samples at a concentration of 10 mg/ml were dissolved in 0.75 ml D2O, 

and their spectra were collected by NMR spectrometer (Bruker Asxend 

500MHz, Bruker Corporation, Switzerland). 

4-3-7 Unconfined Compression Testing: 

Compressive modulus is a common metric collected when testing hydrogels, 

as it is indicative of biomechanical compatibility, structural integrity, and 

comfort of the dressing throughout the healing process [23]. Following their 

synthesis, the hydrated hydrogels underwent uniaxial compression. Molds 

with dimensions of 0.59 × 0.59 inches were used to create the hydrogels, 

which were then punched into cylindrical shapes, each with a 8mm diameter. 

This was done to match the geometry of the plate of the compression test. The 
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height of the gels was less than half their diameter (h < 0.5Ø).  A DHR-2 

rheometer (TA Instruments, Delaware, USA) was used to perform unconfined 

compression tests, with the experiment being performed at room temperature. 

The device was equipped with flat, stainless steel compression platens, with a 

8 mm diameter and a Peltier plate.  

Hydrogel samples were placed on the Peltier plate, and a preload of 0.01–0.03 

N was applied through the upper platen. The original gauge length, used to 

calculate strain rate, was recorded as the initial gap between the sample and 

upper plate. A compressive force was applied to the samples, with a 

deformation rate of 10 μm/s, until the gels reached 20% compressive strain. 

This force and displacement data was imported to GraphPad Prism, which was 

used to calculate stress-strain curves. The compressive strength was equal to 

the stress at 15% strain, while compressive moduli were determined by 

identifying the linear region of the stress–strain curve. The linear regions 

analyzed for compressive modulus were 10% strain intervals within the range 

of 2–20% strain [235, 236]. For each sample, the first value at which the slope 

had an R² value greater than 0.98 (indicating a strong linear fit within that 

range) was used to calculate the compressive modulus. The samples were each 

performed in triplicate. 
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4-3-8 Scanning Electron Microscopy (SEM) 

Once hydrogels were synthesized, each hydrogel was rapidly frozen, using 

liquid nitrogen, which was done to maintain the internal structure of the gels. 

The frozen samples were lyophilized (Freezone 2.5, Labconco, MO, USA), 

cut, and sputter-coated (Cressington 108, Ted Pella, Inc., CA, USA) with a 10 

nm layer of Au–Pd for imaging. SEM (Zeiss Sigma 300 VP Field-Emission 

SEM, Oberkochen, Germany) was used to visualize the internal, and surface 

structure of the crosslinked hydrogel. 

4-3-9 Swelling 

The way in which hydrogels swell over time is essential to evaluating the 

effectiveness of the hydrogels as a wound dressing. This measurement is used 

to determine the fluid absorption capacity of a material which is a critical 

factor for maintaining a moist wound environment, while wound exudate is 

being absorbed. In my design, pyruvate and co-factors must diffuse into the 

hydrogel, which enables them to react with the encapsulated PDH enzyme. 

This means a higher swelling ratio will enhance the performance of the 

hydrogel as an effective wound dressing. CMC:Alg hydrogels with various 

weight ratios of 3% OAlg+ 1%CMC, 3% OAlg+ 1.5%CMC, 2.5% OAlg+ 

1%CMC, 2.5% OAlg+ 1.5%CMC, 2% OAlg+ 1%CMC, and 2.5% OAlg+ 
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1.5%CMC were prepared. These samples were then frozen at -80°C 

overnight, and lyophilized. The dry weight then measured, which was denoted 

as Winitial dry. Then each hydrogel was submerged in 4 ml of simulated wound 

exudate fluid for various periods of time (30, 60, 120, 180, 240, 480, 720, 

1440, 2160, and 3240 minutes) and Wswollen was determined by measuring the 

swollen samples. The simulated wound exudate fluid was created using 0.02 

M calcium chloride, 0.4 M sodium chloride, 0.08 M tris-methylamine, and 

2% (w/v) bovine serum albumin (BSA) dissolved in ultrapure water [237]. 

Equations 9 and 10 were used to determine the swelling ratio of the hydrogels, 

along with their water content [238, 239]. 

 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 % =  
𝑊𝑆𝑤𝑜𝑙𝑙𝑒𝑛−𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑦

𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑦
 × 100   Equation 9 

𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 % =  
𝑊𝑆𝑤𝑜𝑙𝑙𝑒𝑛−𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑦

𝑊𝑆𝑤𝑜𝑙𝑙𝑒𝑛
× 100    Equation 10 

4-3-10 Gelation Kinetics 

Gelation behavior was assessed using an AR2000 rheometer (TA Instruments, 

New Castle, DE, USA) equipped with a Peltier plate, using a 20 mm diameter 

steel cone (1°59’6”) with a 57 µm gap. Polymer solutions were loaded onto 

the plate, and the cone was lowered until axial contact was detected. Gelation 

kinetics were studied under oscillatory shear at 1 Hz frequency and 1% strain. 
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Exactly 60 seconds after the test was initiated, calcium chloride (1 M) was 

sprayed at the sample as the crosslinker. 

4-3-11 Biochemical Assays: Enzyme Activity and Protein 

Quantification 

The activity of PDH was assessed using a quantitative assay that measures the 

conversion of β-NAD+ to β-NADH, detected spectrophotometrically over 

various time periods. This assay, termed the PDH activity assay within this 

study, enabled us to determine the PDH activity (mU/ml) for each sample, 

using an extinction coefficient of 6.22 mol-1cm-1 at 340 nm. This assay was 

performed at room temperature in a volume of 1 ml. This solution contained 

co-factors 2 mM β-NAD+, 2 mM CoA, 20 μM TPP, 50 μM MgSO4, and 10 

mM sodium pyruvate. At each time interval, 200 µL of the solution was 

aliquoted into a 96-well plate and the absorbance was measured at 340 nm 

using a SpectraMax™ i3x microplate reader (Molecular Devices, USA).  

From here, the amount of protein encapsulated within each hydrogel could be 

determined using the Micro BCA™ Protein Assay Kit. The BCA assay was 

conducted following the protocol provided by the manufacturer. Hydrogels 

were dissolved in a 16.7 mM sodium citrate solution under gentle rotation 

(Tube Revolver, Thermo Scientific, MA, USA) for 48 to 72 hours, depending 
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on the size of the hydrogels. A serial dilution of Albumin (BSA) standards and 

the Micro BCA Working Reagent (WR) were prepared. The serial dilutions 

and WR solution were used to create a standard curve. Next, 150 µl of each 

sample was mixed with 150 µl of WR and incubated at 37 °C for 2 hours. 

After incubation, the absorbance at 562 nm was measured, and the 

concentration was calculated using the standard curve. 

4-3-12 Statistical analysis 

GraphPad Prism version 10.2.2 (GraphPad Software, CA, USA) was used for 

all statistical analyses. Unless otherwise noted, data were collected in 

triplicate and analyzed using a one-way ANOVA followed by Tukey’s post 

hoc t-test, with statistical significance set at p < 0.05. The biofilm study was 

analyzed using two-way ANOVA followed by Tukey’s multiple comparison 

test, with statistical significance set at p < 0.05 with n=3 sample size in 

GraphPad Prism. 

4-4- Results and Discussions 

4-4-1 Oxidation degree of oxidized alginate 

Two complementary methods were employed in this study to confirm the 

successful oxidation of alginate. The first method, an indirect quantitative 
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assay, measured the concentration of residual sodium periodate immediately 

before quenching the reaction [273, 275, 276]. This approach revealed that 

samples with theoretical oxidation degrees of 10% and 25% had actual ODs 

of 9.94% and 24.9%, respectively. The second method, ¹H NMR spectroscopy 

(Figure 37), provided qualitative confirmation of oxidation. The ¹H NMR 

spectra of both 10% and 25% OAlg showed two signals at 5.47 and 5.67 ppm, 

which correspond to the proton resonances of hemiacetal structures formed 

by intramolecular reactions between aldehyde groups and neighboring 

hydroxyl groups [277, 278]. In the 10% OAlg sample, the peak intensities 

were low and difficult to distinguish due to the limited extent of oxidation. 

However, in the 25% OAlg sample, the peaks were more prominent, further 

confirming the higher degree of oxidation. 
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Figure 37 NMR spectra of synthesized alginate and synthesized oxidized alginate with 10 and 25% oxidation degrees. 

4-4-2 Mechanical Testing Classifies the Samples as Soft Hydrogels 

Evaluating the compressive modulus of wound dressings is essential to ensure 

they provide adequate support without applying excessive pressure to the 

wound bed. This balance is key to enhance patient comfort, facilitate cell 

migration, and promote efficient healing [249]. Previous studies have shown 

that the oxidation of alginate would negatively impact hydrogels stiffness and 

swelling properties, and the higher the degree of oxidation, the more 

substantial the impact [279].  

To prepare the hydrogels, various concentrations of OAlg (2%, 2.5%, and 3% 

w/v) and CMC (1% and 1.5% w/v) were used. These solutions were mixed at 

different volume ratios of OAlg to CMC. For all of the samples, at OAlg:CMC 
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volume ratios of 1:3, 1:2, 1:1, and 2:1, the resulting hydrogels exhibited poor 

mechanical integrity and could not retain their structure when removed from 

the mold using tweezers. In contrast, hydrogels prepared at OAlg:CMC ratios 

of 3:1 and 4:1 demonstrated acceptable structural stability (Figure 38). To 

maximize the incorporation of CMC while maintaining suitable structural 

integrity, a volume ratio of 3:1 (OAlg:CMC) was selected for further testing. 

This is consistent with other studies examining OAlg:CMC against 

Streptococcus mutans and Streptococcus sobrinus using the ratio 3:1 [272]. 

Hydrogels with varying degrees of oxidation and different concentrations of 

OAlg and CMC were subsequently prepared, and their mechanical properties 

were evaluated using compressive testing.   

The compressive modulus of these hydrogels falls within the acceptable range 

for hydrogel-based wound dressings. According to the literature, soft 

hydrogels typically exhibit compressive moduli ranging from 6–8 kPa  [280, 

281]. All samples with a 25% OD showed a significant reduction in 

compressive modulus compared to non-oxidized alginate samples, placing 

them at the lower threshold of acceptable mechanical properties for wound 

dressings. In contrast, samples with a 10% OD did not exhibit a significant 
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reduction in compressive modulus relative to alginate and remained within the 

acceptable range for soft wound dressing materials.  

 

Figure 38. Compressive modulus of varying OD of 10% and 25% OD and varying concentrations of 2%, 2.5% and 3% 

(w/v) OAlg and 1% and 1.5% (w/v) CMC in a 3:1 ratio. Data shown are mean ± standard error of the mean. n=3, 

⚫p<0.01, ◼p<0.001 compared to 2.5% (w/v) Alg hydrogels. 

4-4-3 Swelling Properties of OAlg-CMC Hydrogels Are 

Formulation-Dependent 

A high swelling ratio in wound dressings is essential for efficient wound 

exudate management, which accelerates healing and minimizes the risk of 

maceration. In this study, achieving a high swelling ratio is particularly 

crucial, as the design depends on the diffusion of pyruvate and co-factors into 
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the system to interact with encapsulated PDH. Generally, OAlg:CMC 

hydrogels suffer from lower stiffness and swelling properties compared to 

alginate hydrogels [260]. Figure 39A presents the swelling ratios of OAlg-

CMC hydrogels prepared with different concentrations of 10% OD OAlg (2%, 

2.5%, and 3%) combined with CMC (1% and 1.5%) in a 3:1 ratio. Similar to 

alginate hydrogels, the swelling behavior was time-dependent, showing a 

rapid increase within the first 4 hours, followed by a slower absorption rate 

that stabilizes after 12 hours. A two-way ANOVA analysis revealed a 

significant reduction in swelling behavior across all OAlg-CMC samples, 

except for the 3% OAlg-1% CMC sample when compared to the 2.5% (w/v) 

Alg hydrogel. A comparable pattern was observed in the water content 

percentage (Figure 39B). The significant difference between the samples 

underscored the need to optimize OAlg-CMC concentrations to achieve 

favorable swelling and retention properties for effective wound dressing use. 

In the literature, OAlg:CMC hydrogels with a 3:1 weight ratio and 60% 

oxidation degree, crosslinked solely via Schiff base bonds, exhibited swelling 

ratios ranging from 20 to 30, which is significantly lower than the swelling 

ratios achieved in our study [272]. The water content capacity of 2.5% Alg, 
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and 3%OAlg:1%CMC ranged from 74% to 94%, meeting the standard 

requirements for wound dressings [238]. 

 

Figure 39.A) Swelling Percentage of hydrogels in SFW B) SFW content percentage of varying concentrations of OAlg-

CMC hydrogels. Data shown are mean ± standard error of the mean. Hydrogels were prepared in triplicate (n=3) 

4-4-4 Rheology: Oxidation Degree and CMC Content Dictate 

Gelation and Mechanical Strength  

To assess the gelation kinetics of the synthesized hydrogels, time-sweep 

rheological measurement was conducted for alginate formulations containing 

OAlg at two oxidation degrees (10% and 25%), with or without CMC. The 

storage modulus (G′) and loss modulus (G″) were recorded over time (Figure 

40). 

A distinct difference in mechanical performance was observed between 10% 

and 25% oxidized alginate systems. In the 10% OD group (Figure 40A), all 

formulations showed a sharp increase in both G′ and G″ around 60 seconds, 
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corresponding to the addition of calcium ions for ionic crosslinking. This rapid 

increase indicated successful gelation through ionic crosslinking. Among 

these, the (10%OD)OAlg hydrogel exhibited the highest final G′ (~3000 Pa), 

suggesting a well-formed, highly elastic network. In the literature, presence 

of aldehyde groups in OAlg with oxidation degree of less than 10%, does not 

interfere with ionic crosslinking [274, 276]. In contrast, the 25% OD group 

(Figure 40B) exhibited significantly lower G′ values overall. The 

(25%OD)OAlg sample reached a final G′ of only ~10 Pa, indicating a much 

weaker gel structure. This result suggests that high oxidation led to substantial 

chain cleavage and reduced molecular weight, limiting the ability of alginate 

chains to form a robust crosslinked network [276, 282].  

The incorporation of CMC had opposite effects depending on the oxidation 

level. In the 10% OD group, adding 1% or 3% CMC caused a moderate 

decrease in G′ compared to (10%OD)OAlg alone. For instance, the (10%OD) 

3%OAlg:3%CMC hydrogel showed a G′ of ~2200 Pa. This decline likely 

resulted from steric hindrance introduced by CMC chains, which can interfere 

with calcium-mediated crosslinking. Conversely, in the 25% OD group, the 

addition of CMC led to a substantial improvement in mechanical properties. 

The (25%OD) 3%OAlg:3%CMC formulation reached a G′ of nearly 100 Pa, 
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an order of magnitude higher than (25%OD)OAlg alone. This suggests that in 

the context of excessive oxidation, where ionic crosslinking is limited, and 

enough CMC is available, covalent bonding between CMC and OAlg can be 

formed. 

Before the addition of calcium ions (first ~60 seconds), most formulations, 

specifically Alg, 10%OD, and 25%OD exhibited G″ > G′, indicating that they 

were in a viscous (liquid-like) state. Upon crosslinker addition, G′ exceeded 

G″, confirming gelation and the transition to an elastic (solid-like) state. 

Interestingly, this trend did not fully apply to CMC-containing samples. In 

(10%OD) 3%OAlg:1%CMC, G′ and G″ were nearly equal prior to Ca²⁺ 

addition, suggesting some pre-existing bonding in the structure, likely due to 

weak covalent interactions between OAlg and CMC. In the (10%OD) 

3%OAlg:3%CMC sample, G′ was higher than G″ even before crosslinking, 

indicating partial gelation through these interactions. A similar trend was 

observed in the 25%OD systems. Notably, in (25%OD) 3%OAlg:3%CMC, 

both G′ and G″ were already elevated prior to crosslinking, suggesting 

covalent network formation via Schiff base chemistry between aldehydes and 

amine groups in CMC. However, unlike in the 10%OD group, the post-

crosslinking increase in G′ was relatively small, indicating that ionic 
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crosslinking was largely ineffective in these highly oxidized samples, likely 

due to limited chain integrity and decreased availability of guluronic acid 

blocks, and increased number of aldehyde groups on alginate chains. 

Despite the evidence of pre-gelation in high-CMC and high-oxidation 

formulations, the overall mechanical strength of (25%OD) 3%OAlg:3%CMC 

remained low compared to (10%OD) formulations. These findings are 

supported by the G’ values and also our compression test data, where 

(25%OD) 3%OAlg:1%CMC exhibited significantly weaker mechanical 

properties than the analogous 10%OD sample. It can be concluded that at 25% 

OD, the level of oxidation was high enough for covalent bonding to form and 

prevent ionic bonding from occurring, but still not sufficient to form a 

hydrogel with acceptable stiffness.  

 

Figure 40 Representative curves of storage (G’) and loss (G’’) moduli for for oxidized alginate (OAlg) hydrogels with 

or without CMC. A) Hydrogels containing 10% OD oxidized alginate. B) Hydrogels containing 25% OD oxidized 

(n=1). 
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4-4-5 SEM Images of OAlg-CMC Hydrogels: Impact of Oxidation 

and Composition on Pore Architecture 

SEM imaging was used to observe the internal and surface morphology of 

unloaded hydrogels and to evaluate the effects of oxidation degree and CMC 

concentration on morphological structure. These hydrogels were designed to 

allow diffusion of small molecules such as pyruvate and cofactors into the 

hydrogel matrix to interact with encapsulated PDH. Thus, to achieve the 

maximum efficiency, an interconnected porous structure is critical to ensure 

efficient molecular transport while preserving enzyme. 

The SEM data (Figure 41, and Figure 42) revealed no statistically significant 

difference in pore size between the 10% and 25% OAlg hydrogels, either on 

the surface or in the cross-sectional views. This aligns with prior literature 

showing that moderate increases in oxidation (from 10% to 30%) does not 

result in significant structural changes while OD>50% would significantly 

influence the microscopic structure [283]. In both 10% and 25% OAlg 

samples, the addition of CMC led to an increase in pore size, both at the 

surface and internally. This effect was more pronounced in the 25%OD OAlg 

hydrogels, where CMC addition significantly influenced the network 

structure, producing larger and more heterogeneous pores. This correlates 
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with rheometry data showing poor network integrity in 25%OD hydrogels, 

which was attributed to low-density crosslinking from a combination of ionic 

and limited covalent interactions. Compression testing further confirmed 

reduced stiffness in these samples, consistent with their loosely packed 

microstructure observed in SEM. Similarly, in the 10%OD 3%OAlg:3%CMC 

group, significantly larger pore sizes were observed compared to 10%OD 

OAlg alone. Rheological analysis supported this finding, indicating the 

formation of a weak ionic and covalent crosslinked network with low 

crosslinking density.  Interestingly, no significant increase in pore size was 

observed when only 1% CMC was added to 10%OD 3%OAlg. SEM images 

showed pore sizes comparable to the 10%OD OAlg hydrogel, and this was 

further supported by rheological data indicating the formation of a dense ionic 

network upon Ca²⁺ addition.  
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Figure 41 SEM images of hydrogels with various concentrations of OAlg and CMC 
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Figure 42 Analysis of impact of varying oxidation degree of OAlg and concentration of CMC on hydrogels’ pore size 

by A) cross-sectional and B) surface imaging. Data shown are mean ± standard error of the mean. Number of measured 

pores from each sample 60. *p<0.01 **p<0.007, ***p< 0.0005, ****p< 0.0001. 

 

4-4-6 Enzyme–Matrix Interactions in OAlg-CMC Hydrogels 

Suppress PDH Activity at Low Loadings but Are Overcome at 

High Concentrations 

Our previous study demonstrated that entrapment of 0.85 U of PDH in 65 μl 

of alginate hydrogel yielded an enzymatic activity of 17.70 ± 6.86 mU/ml, 

which was sufficient to significantly disperse biofilms [270]. For the enzyme 

study, 10% OD 3% OAlg:1% CMC was chosen based on our previous data 

from compression testing, rheometry, and swelling analysis, as this hydrogel 
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demonstrated superior properties compared to the others. Varying amounts of 

PDH, ranging from 0.14 U to 1.15 U, were entrapped into 10% OD 

3%OAlg:1% CMC hydrogels. Unlike the alginate system, which exhibited a 

concentration-dependent increase in activity, the OAlg:CMC hydrogel system 

showed no detectable activity as the enzyme concentration increased from 

0.14 U to 0.85 U (Figure 43). However, a significant increase in activity was 

observed at concentrations above 1 U. This lack of activity at lower 

concentrations may be attributed to the presence of additional functional 

groups in the OAlg:CMC matrix that unfavorably interact with the enzyme. 

Specifically, the aldehyde groups in oxidized alginate and the amino and 

carboxyl groups in CMC may interact with PDH, leading to enzyme 

immobilization or inactivation at lower concentrations. Only at higher enzyme 

loadings (>1 U) does free or active PDH remain available, exceeding the 

binding or inactivation capacity of these reactive groups. When 1 U and 1.15 

U of PDH were loaded into the hydrogel, the measured activity was 

12.14 ± 1.3 mU/ml and 51.97 ± 0.53 mU/ml, respectively. Notably, the 

activity at 1.15 U surpassed the maximum value previously achieved using 

alginate alone. Therefore, this concentration was selected for further 

investigation. Other encapsulation studies have shown that increasing the 
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molecular weight of enzymes reduces their encapsulation and resulting 

enzyme activity. The encapsulation of glucose oxidase with larger chains 

results in enzyme activity between 1 to 4 U over 60 minutes while smaller 

chained enzyme has an enzyme activity of 9 to 10 U over 60 minutes [284].  

As glucose oxidase is 160 kDa, it is significantly smaller than PDH which is 

approximately 10 MDa. This discrepancy in size may be impacting the 

encapsulation and activity of PDH observed in OAlg:CMC hydrogels. 

 

Figure 43. PDH activity of PDH-loaded 10% OD 3%OAlg:1%CMC hydrogels with a size of 85 µl and values of 0.14, 

0.45, 0.7, 0.85, 1, and 1.15 U loaded PDH. Data shown are mean ± standard error of the mean. Hydrogels were 

prepared in triplicate (n=3). Statistically significant comparisons denoted as p<0.01, ⚫p<0.001, p<0.0002, 

p<0.0001 compared to OAlg:CMC + 1 U PDH. Statistically significant comparisons denoted as ◆p<0.001, 

◼p<0.0001 compared to OAlg: CMC + 1.15 U PDH. 
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4-4-7 Encapsulation Efficiency 

The encapsulation efficiency (EE%) of OAlg-CMC hydrogels containing 

various concentrations of PDH is shown in Figure 44. Similar to alginate 

hydrogels, an inverse relationship was observed between the amount of loaded 

PDH and EE%. At the lowest concentration tested (0.14 U), the EE% was 

substantially higher than in other samples, reaching 19.55 ± 0.22%. This 

elevated efficiency was likely due to the greater availability of free volume 

within the hydrogel matrix at low enzyme concentrations, which facilitated 

more effective entrapment. As the amount of enzyme increased while the 

hydrogel volume remains constant, the EE% decreased. However, this decline 

became less pronounced at higher enzyme concentrations, with no significant 

drop observed beyond 0.85 U. Overall, the EE% of OAlg-CMC hydrogels was 

lower than that of alginate-only hydrogels. For example, when 0.85 U of PDH 

was loaded, the EE% in OAlg-CMC and alginate hydrogels was 4.70 ± 0.09% 

and 9.16 ± 0.81%, respectively. This reduced encapsulation efficiency in 

OAlg-CMC may partially explain the lower enzyme activity observed in the 

previous section. This lowered encapsulation may also be due to the pH range 

required for PDH to function. In other studies, the pH range of calcium 

alginate crosslinked with chitosan demonstrates higher encapsulation of 90% 
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at 4.0 pH compared to 15% at 7 pH for glucose oxidase [284]. As PDH 

requires a pH range from 7.0-8.0, this may account for some of the lowered 

encapsulation observed in our study [285] .  

 

Figure 44 EE% of PDH in amounts of 0.14, 0.45, 0.7, 0.85, 1, and 1.15 U in 65μl alginate hydrogels. Data shown are 

mean ± standard error of the mean. Hydrogels prepared in triplicate (n=3). *p<0.03 **p<0.002, ***p< 0.0005, ****p< 

0.0001 

 

4-4-8 Antibiofilm Activity in OAlg-CMC Hydrogels Depends on 

Oxidation Degree and Formulation 

P. aeruginosa is an opportunistic Gram-negative bacterium capable of 

colonizing surfaces and forming biofilms, which not only increases tolerance 

of biofilm to antibiotics but also enables it to evade both innate and acquired 
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immune defenses [36]. In this biofilm study, various weight ratios of 

OAlg:CMC, and PDH encapsulated 3%OAlg:1%CMC were exposed to 

biofilms, and the biomass after treatment was compared with a commercially 

available alginate wound dressing (Dimora) and controls. Only (10%OD)-

3%OAlg:1%CMC was chosen for PDH encapsulation due to its superior 

physico-mechanical properties compared to the other hydrogel.  

For all weight ratios except 3% OAlg:2.5% CMC, increasing the degree of 

alginate oxidation from 10% to 25% negatively affected the antibiofilm 

properties, resulting in increased biofilm growth (Figure 45C). The exact 

impact of oxidation degree of alginate on its antibiofilm properties has not 

been studied in the literature yet.  

As shown in Figure 45B, no consistent trend was observed when increasing 

the CMC-to-OAlg ratio. Figure 45A shows that the addition of PDH could 

effectively decrease biofilm biomass. Compared to the media, 

(10%OD) 3%OAlg:1%CMC +1.15 PDH and (10%OD) 3%OAlg:1%CMC 

samples decreased the biofilm biomass by 22.51± 0.26% and 2.77±6.36%, 

respectively. The Dimora commercial dressing increased the biofilm 

biomass by 111.44 ± 48%. In our previous work, Alg+0.85U hydrogels 

showed a 40.94 ± 6.07% reduction in biofilm biomass compared to the media. 
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This present study demonstrated that despite addition of CMC to the hydrogel 

and loading an additional 0.3 U of PDH into each hydrogel, the Alg+0.85 U 

PDH-loaded hydrogel showed higher enzyme activity and antibiofilm effect.  

 

Figure 45. A) Biofilm biomass after treatment with PDH-loaded hydrogel compared to the controls. B) Impact of 

various weight ratios of OAlg:CMC on biofilm biomass after treatment with hydrogels for 24 hours. C) Impact of 

various oxidation degrees of OAlg (10, and 20%) on biofilm biomass after treatment with hydrogels for 24 hours, Data 

shown are mean ± standard error of the mean. Samples were prepared in triplicate (n=3). *P < 0.04, ****P< 0.0001 

 

4-5-  Conclusion 

In this study, we developed and evaluated a OAlg:CMC hydrogel system for 

the entrapment of PDH to combat P. aeruginosa biofilms in wound 
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environments. Through controlled oxidation confirmed by both chemical 

assay and ¹H NMR, we tailored the mechanical and swelling properties of the 

hydrogel to meet the requirements for wound dressing applications. 

Hydrogels with a 10% oxidation degree maintained mechanical integrity and 

exhibited favorable swelling capacity, while higher oxidation (25%) 

compromised both structural stability and functionality. Although the OAlg-

CMC matrix demonstrated sufficient swelling, enzyme encapsulation 

efficiency was lower than in alginate-only systems, likely due to chemical 

interactions between PDH and functional groups in the matrix. PDH activity 

was only significant at higher enzyme loadings (≥1 U), suggesting that a 

fraction of the enzyme becomes inactive or immobilized during 

encapsulation. Importantly, the PDH-loaded OAlg:CMC hydrogel 

significantly reduced biofilm biomass compared to unloaded hydrogels and 

commercial alginate dressings, confirming its therapeutic potential. 

Despite these promising results, the new formulation did not outperform our 

previous alginate-only PDH hydrogel in antibiofilm activity, despite higher 

enzyme loading and structural improvements. This highlights the need to 

further optimize the hydrogel composition, reduce enzyme inactivation, and 

improve encapsulation efficiency. 
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Future work should focus on modifying the hydrogel chemistry to minimize 

enzyme-matrix interactions, exploring controlled-release mechanisms, and 

evaluating long-term biocompatibility and stability in vivo. These steps are 

critical toward advancing enzyme-loaded OAlg:CMC hydrogels as clinically 

viable dressings for biofilm-infected wounds. 
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Chapter 5: Future work 

This dissertation has successfully addressed several important questions 

regarding both the synthesis of IONPs for antibacterial applications and the 

development of hydrogels as metabolism-altering wound dressings. However, 

I believe still remains substantial room for further advancement to improve 

bacterial eradication and biofilm disruption. 

In my first aim, I successfully synthesized IONPs and observed a synergistic 

antibacterial effect when combined with hydrogen peroxide. The ability to 

reduce hydrogen peroxide concentrations while maintaining antibacterial 

efficacy is encouraging, as it minimizes potential cytotoxicity. However, the 

full potential of this system has not yet been unleashed. I recommend a 

detailed quantitative study on the generation of ROS through Fenton 

reactions, both in the presence and absence of hydrogen peroxide. This would 

help clarify the relationship between IONPs and hydrogen peroxide 

concentrations and ROS generation efficiency. Understanding this correlation 

is critical for fine-tuning the system's antibacterial performance. The 

measurement of ROS generation through Fenton and Fenton-like reactions 

can be performed using various assays, which are generally categorized as 

direct or indirect methods. Direct measurements involve reagents that directly 
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react with ROS to produce a measurable signal, typically through fluorescence 

or chemiluminescence. Indirect methods rely on a secondary reaction, where 

ROS interact with a separate molecule usually a dye that undergoes a 

detectable change. 

For direct ROS measurement, I recommend the following assays: 

• DCFH-DA Assay (2',7'-dichlorodihydrofluorescein diacetate): detects 

general oxidative species. 

• Amplex Red (Resorufin) Assay: detects hydrogen peroxide. 

• Luminol-based Chemiluminescence Assay: detects hydrogen peroxide, 

superoxide, and peroxynitrite. 

For indirect methods, I suggest using: 

• Methylene Blue (MB) 

• Rhodamine B 

• TMB (3,3′,5,5′-Tetramethylbenzidine) 

These dyes degrade or change color in the presence of ROS, providing an 

effective way to assess oxidative activity in Fenton-related systems. 

Additionally, the synthesized IONPs have superparamagnetic properties that 

could enable hyperthermia therapy. With access to an AMF system, our 

collaborator Dr. Badireddy could explore this functionality to both target and 
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thermally disrupt biofilms. By directing IONPs to biofilm sites using a 

magnetic field and applying AMF, localized heating could not only kill 

planktonic bacteria but also weaken biofilm structures. In combination with 

low concentrations of hydrogen peroxide, this multimodal approach could 

theoretically maximize antibiofilm activity. I also propose investigating 

whether AMF affects ROS production in this system, which could open the 

door to a novel area that may further enhance the therapeutic effect. 

Regarding the alginate hydrogel, several complementary strategies could be 

employed to further optimize the hydrogel dressing: 

• Co-loading the hydrogel with the cofactors to enhance enzymatic 

activity. 

My data suggest that hydrogel size influences enzymatic activity, indicating 

that the system may be affected by diffusion-limited kinetics. One possible 

explanation is that certain cofactors required for the reaction are not diffusing 

into the hydrogel matrix efficiently enough to reach the encapsulated enzyme. 

To investigate this, future work could involve collaboration with a 

computational scientist to model the diffusion behavior of each cofactor 

within the hydrogel, using the structural and physical properties of the 

hydrogel that have been collected in this study. Simulations could help 
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identify which molecule has the greatest mass transport resistance. If a 

limiting cofactor is identified, it can be co-encapsulated within the hydrogel 

to overcome this limitation. Additionally, the pore size of the hydrogel could 

be modulated by adjusting the concentrations of alginate and calcium ions to 

optimize diffusion without compromising structural integrity. Even without 

computational modeling, targeted experiments can be conducted by 

systematically varying the concentration of individual cofactors while 

keeping others constant. Since diffusion is driven by concentration gradients, 

this approach could reveal which molecule is limiting the reaction and 

whether its localized encapsulation enhances performance. Although more 

time- and material-intensive, this experimental route can still provide valuable 

insight. Nevertheless, computational modeling is a preferred strategy due to 

its ability to streamline hypothesis testing and guide more efficient material 

design. 

• Combining PDH with antibiotics, so that once the biofilm matrix is 

dispersed by the enzyme, the released bacteria are immediately killed. 

This method has proven effective at reducing biofilm biomass through 

enzymatic dispersion. However, dispersion alone is not sufficient for this 

application. Once detached, planktonic bacteria can migrate to new sites, 
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recolonize, or even enter the bloodstream, posing serious risks of systemic 

infection. Therefore, it is critical to ensure that dispersed bacterial cells are 

efficiently killed, which can be achieved by incorporating antibiotic therapy. 

In clinical settings, this may involve systemic administration (e.g., 

intravenous injection), local delivery to the wound site, or a combination of 

both. For in vivo studies, both routes should be evaluated to determine the 

minimum effective antibiotic exposure, minimizing systemic toxicity. For in 

vitro experiments, a range of clinically relevant antibiotics (e.g., 

ciprofloxacin, tobramycin, or colistin) at varying concentrations can be 

applied while dispersion is happening to assess bactericidal efficiency. 

An initial study could involve treating established P. aeruginosa biofilms with 

the PDH-loaded hydrogel, with exposure to different antibiotic 

concentrations, and quantifying remaining viable bacteria using CFU 

counting or viability assays. Additionally, synergy between the hydrogel and 

antibiotic can be assessed through assays or time-kill curves to determine 

whether enzymatic biofilm disruption enhances antibiotic effectiveness. To 

evaluate host safety, bacterial–fibroblast co-culture models could be 

employed to assess selective cytotoxicity. Although 2D co-cultures are limited 

in physiological accuracy, they offer valuable early insight into efficacy and 
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selectivity. These studies can be further strengthened by incorporating 3D 

wound scaffolds, hydrogel–skin explant models, or microfluidic organ-on-

chip platforms to better replicate native tissue architecture and barrier 

function.  

• Enhancing clinical relevance through multi-strain and preventative 

biofilm studies. 

Future work should explore the preventative potential of the PDH-loaded 

hydrogel in addition to its biofilm dispersal capability. While previous studies 

in our lab demonstrated that free PDH can inhibit biofilm formation, this 

aspect was not addressed in my current study due to time limitations. 

Assessing early-stage biofilm development using assays such as crystal violet 

staining or confocal imaging could demonstrate whether the hydrogel system 

also prevents biofilm initiation, positioning it as both a therapeutic and 

prophylactic wound care solution. Furthermore, most clinical infections are 

polymicrobial and involve both Gram positive and Gram negative species. 

Expanding antimicrobial testing to include additional biofilm-forming strains 

such as E. coli, S. aureus (including MRSA), E. faecalis, and K. pneumoniae, 

both individually and in co-culture, would offer a more comprehensive 

evaluation of the hydrogel’s spectrum of activity.  
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• Supplementary in vitro studies on wound healing properties. 

The developed hydrogel demonstrated physical and mechanical properties 

comparable to those of commercial wound dressings, with the added 

advantage of significantly reducing biofilm biomass. Moreover, cytotoxicity 

assays confirmed that the hydrogel does not pose significant toxicity towards 

human dermal cells. 

In addition to the in vitro studies already proposed prior to in vivo testing, 

further studies focused on wound healing behavior and vascularization 

potential are suggested. While eliminating infection is crucial, effective 

wound dressings must also support the healing process, including cell 

migration, angiogenesis, and tissue regeneration. To assess these functions, 

future work should incorporate assays such as scratch assays for cell 

migration, transwell assays for cell invasion, and tube formation assays using 

HUVECs to evaluate angiogenic potential. Depending on the outcomes of 

these studies, minor hydrogel modifications such as surface coating or co-

delivery of growth factors (e.g., VEGF, bFGF) may be required to enhance 

tissue regeneration without compromising antibacterial activity. Although 

PDH enzyme did not exhibit significant cytotoxicity, its ability to alter 

pyruvate metabolism could potentially impact the bioenergetics of healthy 
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cells, which may in turn affect vascularization or tissue remodeling. 

Therefore, comprehensive studies on the metabolic impact of PDH on host 

cells, including mitochondrial activity assays and long-term biocompatibility 

tests, are essential before proceeding to animal models. These additional 

investigations will ensure that the hydrogel not only clears infection but also 

actively supports the complex biological process of wound healing. 

• In vivo studies to assess the efficacy and safety of these systems in 

clinically relevant models. 

After completing the in vitro studies described above, a more clear 

understanding of the therapeutic potential and safety profile of the PDH-Alg 

wound dressing will be established, allowing for a more informed transition 

to in vivo models. The choice of animal model should be made in consultation 

with a veterinarian or animal research specialist to ensure ethical and scientific 

appropriateness. Once the optimal formulation and experimental conditions 

are identified, in vivo studies can be designed to assess the dressing's efficacy, 

biocompatibility, and healing outcomes in a more physiologically relevant 

system. With these additional optimizations and translational studies, I believe 

this dressing system holds promise for eventual commercialization. 
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While I leveraged PDH and its cofactors to achieve biofilm dispersion, the 

exact mechanism behind this phenomenon remains unclear. The PDH reaction 

involves multiple substrates and co-products, including pyruvate consumption 

and β-NADH generation. Based on our current knowledge, I hypothesize that 

depletion of pyruvate and/or accumulation of β-NADH are key drivers of 

biofilm disruption. However, this hypothesis requires experimental validation. 

Long-term efforts should focus on shining a light on the precise mechanisms 

behind PDH-mediated biofilm dispersion. Our collaborator, Dr. Bernstein, 

could support this through computational modeling and systems biology 

approaches, allowing us to map the metabolic process induced by PDH 

activity. A more clear mechanistic understanding would enable more precise 

engineering of therapeutic strategies. In parallel, protein engineering efforts 

could be explored to design more stable and efficient enzyme analogs. Given 

the low encapsulation efficiency and high cost of PDH, developing a more 

robust or cost-effective alternative either through natural screening or rational 

engineering could transform the field of biofilm-targeting wound therapies. 

An engineered enzyme with similar or improved functionality but enhanced 

stability and encapsulation efficiency would represent a major advancement 

in wound healing and biofilm management 
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Although our alginate-based hydrogels demonstrated promising mechanical 

and biological properties, further modifications can be made to enhance its 

antibacterial properties. One approach explored was incorporating CMC as a 

biopolymer with intrinsic antibacterial activity. While this composite system 

showed significant antibiofilm performance, it also introduced new 

biochemistry challenges. For instance, our data suggest that chemical 

interactions occur between the enzyme and the modified polymers (CMC or 

OAlg), potentially affecting enzyme, encapsulation, stability and activity. In 

this study, the PDH- OAlg-CMC hydrogel demonstrated a threshold effect, 

where while due to BCA assay PDH was encapsulated into the hydrogel, 

enzymatic activity was not detectable up to 0.85 U of loaded PDH but 

increased sharply beyond that concentration. This nonlinear trend suggests 

potential interactions between the enzyme and functional groups on the 

hydrogel matrix, likely involving covalent or electrostatic binding that 

inactivates the enzyme at lower concentrations until the reactive sites are 

saturated. To elucidate the underlying mechanism of this interaction, future 

work will focus on characterizing the chemical bonds between the polymer 

network and PDH. FTIR and XPS can be employed to identify possible 
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covalent linkages, such as Schiff base formation between aldehyde groups on 

oxidized alginate and amine groups on the enzyme. Fluorescent labeling of 

PDH followed by confocal imaging may further reveal the spatial distribution 

of enzyme within the hydrogel matrix. To confirm the role of aldehyde groups 

in enzyme inactivation, pre-treatment of the hydrogel with primary amines 

such as glycine to block reactive sites could be tested to see if enzymatic 

activity is preserved at lower loadings. The only challenge in that method is 

that CMC and OAlg should be allowed to mix and then aldehyde groups 

should be blocked, and enzyme should be added. This might make it hard to 

dissolve the enzyme and make a homogenous solution before addition of Ca 

crosslinker. Finally, specific detection of Schiff base formation through 

NaBH₄ reduction or TNBS assays may offer further evidence of covalent 

bonding. These studies will provide a deeper understanding of enzyme–

polymer interactions in the hydrogel system and guide future optimization for 

improved enzyme stability and activity. Furthermore, I utilized CMC with a 

high degree of substitution (DS) of 80%, which improves water solubility but 

may simultaneously reduce the availability of free amino groups on the 

chitosan backbone. These amino groups are critical for the polymer's intrinsic 

antibacterial activity and for electrostatic interactions with negatively charged 



 188 

bacterial membranes. Substituting these sites with carboxymethyl groups not 

only alters the surface charge but may also hinder these antimicrobial 

interactions, potentially diminishing the antibacterial efficacy of the hydrogel. 

Future work should explore CMC with lower degrees of substitution or 

partially substituted variants to better balance aqueous solubility with 

bioactivity. A lower DS could maintain sufficient solubility for hydrogel 

formulation while preserving more amino groups to enhance antibacterial 

performance, particularly in wound healing applications where both hydration 

and infection control are critical. 
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